Shear Induced Fiber Alignment and Acoustic Nanoparticle Micropatterning during Stereolithography by Yunus, Doruk Erdem
Lehigh University
Lehigh Preserve
Theses and Dissertations
2017
Shear Induced Fiber Alignment and Acoustic
Nanoparticle Micropatterning during
Stereolithography
Doruk Erdem Yunus
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Mechanical Engineering Commons
This Dissertation is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Yunus, Doruk Erdem, "Shear Induced Fiber Alignment and Acoustic Nanoparticle Micropatterning during Stereolithography" (2017).
Theses and Dissertations. 2977.
https://preserve.lehigh.edu/etd/2977
  
Shear Induced Fiber Alignment and Acoustic Nanoparticle 
Micropatterning during Stereolithography 
 
  
 
by 
 
Doruk Erdem Yunus 
 
 
  
Presented to the Graduate and Research Committee 
of Lehigh University  
in Candidacy for the Degree of  
Doctor of Philosophy 
  
 
 
in 
Mechanical Engineering 
 
 
Lehigh University 
August 2017 
 ii 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 Copyright 
Doruk Erdem Yunus 
 
 
 
 
 
 
 
 
 
 
 
 
 iii 
  
 
 
Approved and recommended for acceptance as a dissertation in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy 
 
 
 
 
Doruk Erdem Yunus 
 
Dissertation Title: Shear Induced Fiber Alignment and Acoustic Nanoparticle 
Micropatterning during Stereolithography 
 
 
 
 
 
Date 
 
                                                               Dissertation Director: Dr. Yaling Liu 
 
 
 
 
Accepted Date 
 
 
 
 
 Committee Members:                            
 
        
 
                                                               Committee Chair: Dr. Yaling Liu 
 
 
 
                                                               Dr. Alparslan Oztekin 
 
 
 
                                                               Dr. Brandon Krick 
 
 
                                                               Dr. Chao Zhou 
 iv 
ACKNOWLEDGMENTS 
 
 
Above all, I want to express my sincere appreciation to my respected advisor, 
Prof. Yaling Liu. Not only did he provide his continuous support for my Ph.D. studies, 
but he also patiently helped and guided me in my analytic thinking, scientific writing, and 
academic pursue. His enthusiasm and hands-on experience in research helped and 
motivated me significantly. His accessibility, precise forethoughts, and willingness to 
help made my studies and dissertation possible. 
I would also like to thank to all of my doctoral committee members, Prof. Chao 
Zhou, Prof. Brandon Krick, and Prof. Alparslan Oztekin. I am very grateful for their 
precious time, valuable advices, consideration, and encouragement. 
I also appreciate Mrs. JoAnn Casciano, Mrs. Allison Marsteller, Mrs. Barbara 
McGuire, and Mrs. Jennifer Smith for their dedicated work, assistance, and kindness. 
Countless thanks to all of my lab mates and friends, Dr. Jifu Tan, Dr. Anthony Thomas, 
Dr. Shunqiang Wang, Dr. Yihua Zhou, Mr. Ran He, Mr. Wentao Shi, Mr. Salman 
Sohrabi, Mr. Christopher Uhl, Mr. Onur Denizhan, and Mr. Orhan Kaya for their 
cooperation, contributions, moral support, and friendship.  
Last but not least, I would like to thank to my family and dedicate this work to 
them, my beloved wife Jaharah Yunus, my parents Samira Koc and Semseddin Yunus, 
my sister Gurbet Ozge Mert. Without their tremendous support, encouragement, and 
continuous patience, my education for over 20 years would not be possible. 
 
 
 
 
  
 v 
TABLE OF CONTENTS 
 
 
 Page 
List of Figures ............................................................................................................................................................ ix 
Abstract ......................................................................................................................................................................... 1 
 
Chapter 1: Introduction.......................................................................................................................................... 3 
1.1 Background and Motivation ..................................................................................................................... 3 
1.2 Aim and Scope  ............................................................................................................................................... 5 
1.3 Additive Manufacturing  ............................................................................................................................ 6 
1.4 Additive Manufacturing Methods .......................................................................................................... 7 
1.5 Applications and Progress ........................................................................................................................ 9 
1.6 Stereolithography ...................................................................................................................................... 10 
1.6.1 Curing Mechanism of Polymer Resins ...................................................................................... 12 
1.6.1.1 Free Radical Photopolymerization .................................................................................... 13 
1.6.1.2 Cationic Photopolymerization ............................................................................................ 15 
1.6.2 Light Absorption ............................................................................................................................... 15 
1.7 Material selection for Additive Manufacturing  ............................................................................ 16 
1.7.1 Composite Fabrication  ................................................................................................................... 17 
1.7.1.1 Fused Deposition Modeling of Composites  .................................................................. 17 
1.7.1.2 Selective Laser Sintering of Composites  ........................................................................ 18 
1.7.1.3. Laminated Object Manufacturing of Composites ....................................................... 18 
1.7.1.4. Direct Ink Writing of Composites ..................................................................................... 19 
1.7.1.5. Composite Stereolithography............................................................................................. 19 
1.7.2 Ceramic Fabrication ......................................................................................................................... 21 
1.7.2.1. Selective Laser Sintering of Ceramics ............................................................................. 21 
1.7.2.2. Fused Deposition Modeling of Ceramics........................................................................ 22 
1.7.2.3. Binder/Ink Jetting of Ceramics  ......................................................................................... 22 
1.7.2.4. Laminated Object Manufacturing of Ceramics  ........................................................... 23 
1.7.2.5. Stereolithography of Ceramics .......................................................................................... 23 
 
Chapter 2: Literature Review: Fiber Alignment and Acoustic Particle Patterning ..................... 25 
2.1 Short-fiber Composites ........................................................................................................................... 25 
 vi 
2.1.1. Mechanical Properties ................................................................................................................... 25 
2.1.2 Fiber Length Distribution .............................................................................................................. 27 
2.1.3 Fiber Volume Fraction .................................................................................................................... 27 
2.1.4 Fiber Alignment Methods .............................................................................................................. 28 
2.1.4.1 Hydrodynamics ......................................................................................................................... 30 
2.1.4.2 Extrusion ...................................................................................................................................... 31 
2.1.4.3 Electrophoresis ......................................................................................................................... 32 
2.1.4.4 Magnetics ..................................................................................................................................... 33 
2.1.5 Flow Induced Alignment ................................................................................................................ 33 
2.1.5.1 Orientation Theory .................................................................................................................. 34 
2.1.5.2 Stress Theory ............................................................................................................................. 35 
2.1.5.3 Rheology....................................................................................................................................... 36 
2.1.5.4 Rheology and Complex Flow Simulations ...................................................................... 36 
2.1.5.5 Dynamic oscillatory shear .................................................................................................... 37 
2.1.5.5.1 Fundamental LAOS Behavior ...................................................................................... 39 
2.1.5.5.2 Different LAOS behaviors ............................................................................................. 39 
2.2 Acoustic Particle Patterning .................................................................................................................. 42 
2.2.1 Acoustic Radiation Forces ............................................................................................................. 44 
2.2.1.1 Primary Radiation Forces ..................................................................................................... 44 
2.2.1.2 Secondary Radiation Forces ................................................................................................ 47 
2.2.2 Acoustic streaming ........................................................................................................................... 48 
2.2.2.1 Inner and Outer Boundary Layer Acoustic Streaming .............................................. 49 
2.2.2.2 Eckart streaming ...................................................................................................................... 49 
2.2.3 Impact of Material Properties ...................................................................................................... 52 
2.2.4 Sound Actuation ................................................................................................................................ 52 
2.2.4.1 Speed of Sound .......................................................................................................................... 52 
2.2.4.2 Wavelengths of Sound ............................................................................................................ 53 
2.2.5 Attenuation and Damping ............................................................................................................. 53 
2.2.5.1 Attenuation Coefficient .......................................................................................................... 53 
2.2.5.2 Quality Factor and Loss Factor ........................................................................................... 54 
 
Chapter 3: Chapter 3: Printing Ceramic Matrix Composite with Controlled Orientation ........ 56 
3.1 Introduction ................................................................................................................................................. 56 
 vii 
3.2 Materials and Methods ............................................................................................................................ 58 
3.2.1 Slurry Preparation ............................................................................................................................ 58 
3.2.2 SLA Apparatus and Linear Oscillatory Mechanism ............................................................. 59 
3.2.3 Debinding and sintering process of green body .................................................................. 60 
3.2.4 Characterization ................................................................................................................................ 61 
3.3 Results and Discussion ............................................................................................................................ 61 
3.3.1 Fiber Alignment ................................................................................................................................. 61 
3.3.2 Sintering and Microstructure....................................................................................................... 64 
3.3.3 Flexural Strength of the Samples................................................................................................ 65 
3.3.4 Morphologies of Fracture Surface .............................................................................................. 67 
3.4 Conclusions .................................................................................................................................................. 68 
 
Chapter 4: Short Nanofiber Alignment in Polymer Composites......................................................... 70 
4.1 Introduction ................................................................................................................................................. 70 
4.2 Materials and Methods ............................................................................................................................ 72 
4.2.1 Materials  .............................................................................................................................................. 72 
4.2.2 Design Setup ....................................................................................................................................... 73 
4.2.3 Fiber Alignment ................................................................................................................................. 75 
4.2.4 Fabrication of Test Specimens and Mechanical Testing ................................................... 77 
4.3 Results and Discussion ............................................................................................................................ 80 
4.4 Conclusions .................................................................................................................................................. 84 
 
Chapter 5: Acoustic Patterning for 3D Embedded Electrically Conductive Wire during 
Stereolithography .................................................................................................................................................. 86 
5.1 Introduction ................................................................................................................................................. 86 
5.2 Method and Experimental Setup ......................................................................................................... 88 
5.2.1 Design Concept .................................................................................................................................. 88 
5.2.2 Acoustic Alignment .......................................................................................................................... 89 
5.2.3 Fabrication of Specimens .............................................................................................................. 91 
5.3 Results ............................................................................................................................................................ 92 
5.4 Conclusions ............................................................................................................................................... 100 
 
Chapter 6: Conclusion and Future Works  ............................................................................................... 102 
 viii 
6.1 Conclusion ................................................................................................................................................. 102 
6.2 Future Work.............................................................................................................................................. 106 
 
References ............................................................................................................................................................. 109 
Vita ............................................................................................................................................................................ 127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 ix 
 
LIST OF FIGURES  
 
 
Figure 1-1 Schematic illustration of mirror-based top down SLA machines................................ 11 
Figure 1-2 Schematic illustration of the free radical polymerization process ............................... 13 
Figure 1-3 Schematic drawing of and curing profile the light energy distribution: (a)  Ideal case 
without diffusion, (b) Quasi-Gaussian distribution ........................................................................ 16 
Figure 2-1 Definition of the fiber alignment with θ and Ø angles to the in the z-axis .................. 29 
Figure 2-2 Schematic illustration of misaligned and aligned fibers; (a) demonstrates a misaligned 
fiber with a misalignment angle of Ø. A and B are the radiuses of the elliptical cross-section of 
the fiber, (b) a vertically aligned fiber on z-axis with 100% orientation ....................................... 29 
Figure 2-3 Common depictions of fibers: (a) rigid fiber, (b) semi-flexible fiber ......................... 35 
Figure 2-4 Schematic illustration of fixed frequency dynamic oscillatory shear test with linear 
and nonlinear response regions. ..................................................................................................... 38 
Figure 2-5 Schematic illustration of the LAOS test at a fixed frequency with the resulting 
distorted sinusoidal stress waveforms. ........................................................................................... 40 
Figure 2-6 Primary radiation forces on particles (a) Primary axial radiation forces are 
perpendicular to the nodal plane and they attract or repel the particles relative to the nodal plane 
of the acoustic wave; (b) Primary lateral radiation forces are parallel to nodal plane that trap the 
objects on the nodal plane .............................................................................................................. 45 
Figure 2-7 Secondary radiation forces on particles when primary radiation forces decrease the 
particle distances to small values ................................................................................................... 47 
Figure 2-8 A system of inner (Schlichting) and the outer (Rayleigh) boundary layer acoustic 
streaming vortices in a channel with a standing wave. .................................................................. 49 
Figure 2-9 Eckart streaming with a backflow which is induced by forward streaming in a 
resonator much larger than the wavelength (L≫λ).. ...................................................................... 51 
Figure 3-1 System setup of SLA Ceramic 3DP with sliding mechanism. .................................... 59 
Figure 3-2 Fiber alignment process: (a) Fiber alignment in a simple shear flow as a result of 
linear oscillation; (b) fiber alignment in a 3d printed wall pattern ................................................ 60 
Figure 3-3 The time dependent-shear rate profile which was used during fiber alignment process.
 ....................................................................................................................................................... 62 
Figure 3-4 Microscope images of fiber alignment and dispersion within 3D printed green part 
(scale bars are 500 μm): (a) Microscope image of randomly orientated nickel coated carbon fiber; 
(b) microscope image of aligned nickel coated carbon fiber.. ....................................................... 62 
Figure 3-5 Microscope images of fiber orientation distribution along the semicircular channel 
with different wall angles with respect to oscillation direction: (a) 0°; (b) 45°; (c) 5° right before a 
quarter curve; (g) Semicircular channel design with location of microscope images of (a-f). Red 
 x 
letters with dashed rectangles indicates the location microscope images are taken. Red arrows on 
microscope images show the direction of the wall at the local region ........................................... 63 
Figure 3-6 SEM images of sintered 3d printed ceramic and ceramic composite samples:    (a) 
SEM image of unreinforced silica sample; (b) SEM image of randomly orientated nickel coated 
carbon fiber reinforced silica composite; (c) SEM image of aligned nickel coated carbon fiber 
reinforced silica composite; (d) SEM image of aligned ceramic fiber reinforced silica composite.
 ....................................................................................................................................................... 65 
Figure 3-7 The Flexural strength of random and aligned reinforced silica matrix composites with 
different concentrations and materials; (a) Flexural strength values with different ceramic fiber 
reinforcement ; (b) Flexural strength values with nickel coated carbon fiber reinforcement.. ...... 66 
Figure 3-8 Fracture surfaces of the nickel coated short carbon fiber reinforced ceramic composite 
samples; (a) 180x magnification; (b) 250x magnification. ............................................................ 68 
Figure 4-1 DLP based SLA desktop 3D printer and incorporated linear harmonic oscillator 
mechanism. (a) 3D demonstration of the system consists of linear oscillation mechanism, 
platform, resin tank, and DLP projector. (b) Photo of 3D printer during linear oscillation process
 ....................................................................................................................................................... 74 
Figure 4-2 Three dimensional and optical images of wall pattern for test specimen fabrication; 
the width of the walls is 250 μm, the distance between walls is 1.75 mm, and the height of the 
wall is 200 μm ................................................................................................................................ 75 
Figure 4-3 Flow chart of the fabrication process .......................................................................... 77 
Figure 4-4 Demonstration of shear rate profile and influence of maximum shear rate and 
frequency on fiber orientation tensor. (a) The influence of maximum shear rate γmax , on 
orientation tensor at frequency of  f = 1Hz and 5wt% AONWs loading, (b) The time dependent- 
shear rate profile which was used in ultimate strength tests process ............................................. 79 
Figure 4-5 Geometry of the tensile test specimens; dimensions are in millimeters ...................... 80 
Figure 4-6 Tensile stress-strain curves of the surface treated aligned AONW reinforced 
nanocomposites. ............................................................................................................................. 80 
Figure 4-7 Tensile strength and elastic modulus of random and aligned AONW reinforced 
composites with different concentrations; (a) Tensile strength, (b) Elastic modulus .................... 82 
Figure 4-8 TEM images of nanowire alignment and dispersion within printed components (Scale 
bars are 1 µm); (a)TEM image of  randomly orientated AONWs, (b)TEM image of aligned 
AONWs with 5wt% reinforcement, (c) TEM image of aligned AONWs with 4wt% reinforcement, 
(d) TEM image of aligned AONWs with 3wt% reinforcement, (e) TEM image of aligned 
AONWs with 2wt% reinforcement, (f) TEM image of aligned AONWs with 1wt% reinforcement
 ....................................................................................................................................................... 83 
Figure 4-9 SEM images of nanowire alignment within printed components (Scale bars are 50 
nm); (a) SEM image of randomly orientated AONWs, (b) SEM image of aligned AONWs with 
5wt% reinforcement ....................................................................................................................... 84 
 xi 
Figure 5-1 Setup of DLP based SLA 3D printer incorporated with the hexagon shaped acoustic 
tweezer; (a) 3d schematic of 3d printer setup, (b) the hexagon acoustic tweezer with placed piezo 
plate actuators. ............................................................................................................................... 89 
Figure 5-2 Schematic of particle alignment in an acoustic field with only acoustic force and with 
acoustic force and gravity .............................................................................................................. 90 
Figure 5-3 Flow diagram of the 3D printing process .................................................................... 92 
Figure 5-4 Different unidirectional pattern combinations used and their schematic acoustic 
tweezer setting demonstrations ; (a) horizontal, (b) acoustic tweezer setting for horizontal 
alignment, (c) 60º, (d) acoustic tweezer setting for 60º alignment, (e) 120º, (f)  acoustic tweezer 
setting for 120º alignment. ............................................................................................................. 92 
Figure 5-5 Images of patterned unidirectional conductive lines: (a) Unidirectionally patterned 
magnetite sample with dimensions of 10 x 10 x 0.5 mm; Images of (b) Magnetite, (c) carbon 
nanofiber, (d) copper reinforcements which aligned into unidirectional lines under microscope 
(bars: 500 µm). In each sample, lines of the pattern have an average distance of 300 μm at the 
operating frequency of 2.33 MHz.. ................................................................................................ 93 
Figure 5-6 Resistivity of patterned and unpatterned samples  as a function of nanoparticle weight 
concentration in the acoustic tweezer; (a) resistivity as a function of carbon nanofiber 
concentration, (b) resistivity as a function of copper nanoparticle concentration (c) resistivity as a 
function of magnetite nanoparticle concentration .......................................................................... 94 
Figure 5-7 Effects of particle weight percentage on pattern height and shape; (a) relation between 
particle concentration and generated pattern height for different nano particles, (b) cross section 
of aligned pattern with 50 µm height in 200 µm layer (scale bar: 50 µm), (c) cross section of 
aligned pattern with 100 µm height in 200 µm layer (scale bar: 50 µm), (d) Cross-section of 
aligned pattern with 100 µm thickness, pattern is conductive in z direction (scale bar: 100 µm). 96 
Figure 5-8 Embedded zig-zag stitch pattern. (a) The pattern consists of 8 layers to produce 2 
separate conductive wires in complex 3D freeform (scale bar: 1 mm), (b) 3D illustration of the 
zig-zag stitch pattern. The wires are 100 µm thick in average. Layer 1, 8 are 200 µm and Layer 2-
7 are 100 µm thick. ........................................................................................................................ 97 
Figure 5-9 Conductivity of embedded zig-zag stitch pattern; (a) cross-sectional cut of printed 
piece to demonstrate interlayer microstructure contact (scale bar: 100 µm), (b) SEM image of 
cross-sectional cut of printed piece, (c) demonstration of conductivity in a simple LED circuit, (d) 
High resolution SEM image of copper nanoparticles in the conductive pattern. . ......................... 98 
Figure 5-10 Embedded electromagnetic coil pattern. (a) The pattern consists of 12 layers to 
produce a wire coil surrounding magnetic core cavity (scale bar: 1 mm). (b) 3D illustration of the 
electromagnet pattern. The wire is 100 µm thick in average. The coil can be produced longer by 
repeating layers 2-8 until desired length. ....................................................................................... 99 
1 
ABSTRACT 
 
 
The stereolithograpy method, which consists of a light source to polymerize the 
liquid photocurable resin, can produce structures with complex shapes. Most of the 
produced structures are unreinforced neat pieces. The addition of reinforcement, such as 
fibers and particles are regularly utilized to improve mechanical properties and electrical 
conductivity of the printed parts. Added fibers might be chosen as short or continuous 
fibers and the properties of the reinforced composite materials can be significantly 
improved by aligning the fibers in preferred directions. The first aim of this dissertation is 
to enhance the tensile and flexural strengths of the 3d printed composites by using shear 
induced alignment of short fibers. The second aim is to print parts with conductive 
embedded microstructures by utilizing acoustic patterning of conductive particles. Both 
aims are utilized during the stereolithography process. 
A lateral oscillation mechanism, which is inspired by large amplitude oscillatory 
shear test, was designed to generate shear flow. The alignment method, which combines 
the lateral oscillation mechanism with 3d printed wall patterns, is developed to utilized 
shear flow to align the fibers in the patterned wall direction. Shear rate amplitude, fiber 
concentration, and patterned wall angle were considered as parameters during this study.  
The stereolithography device incorporated with oscillation mechanism was 
utilized to produce short fiber reinforced ceramic composites and short nanofiber 
reinforced polymer composites. Nickel coated short carbon fibers, alumina and silica 
short fibers were used to reinforce the ceramic matrix with different fiber contents. The 
printed walls were demonstrated to align the short fibers parallel to the wall which was 
different from the oscillation direction up to 45°. The flexural strength of the ceramic 
 2 
matrix was improved with the addition and alignment of the short fibers. The alumina 
nanofibers were used as reinforcement in the photocurable polymer resin. The alumina 
nanofibers were treated with a silane coupling agent to improve interfacial bond between 
alumina fibers and polymer resin matrix. The aligned specimen demonstrated 
improvement in tensile strength with increasing nanowire content and their alignment.  
A hexagon shaped acoustic tweezer was incorporated into the stereolithography 
device to pattern conductive micro- and nanoparticles. This new approach for particle 
microstructuring via acoustic aligning during the stereolithography was used to produce 
embedded conductive microstructures in 3d printed parts. The acoustic tweezer was used 
to pattern the conductive particles into horizontal, 60°, and 120° parallel striped lines. 
The influence of the particle percentage content onto the electrical resistivity and 
thickness of the patterned lines were also investigated for different materials such as 
copper, magnetite, and carbon fiber. The copper patterns show less resistance to electrical 
currents compare to magnetite and carbon nanofiber patterns. Additionally, the influence 
of the particle concentration to the height of the pattern was studied and the data was 
utilized to achieve conductivity along z-axis. Later, this approach was used to fabricate 
examples of embedded conductive complex 3D microstructures. 
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Chapter 1: Introduction 
1.1 Background and Motivation 
Additive manufacturing (AM) techniques have been promising and valuable for 
solving the design diversification and customization problems of conventional methods. 
The implementation of the techniques allowed the users to complete different iterations 
and adjustments of the design quickly, whereas it would typically be completed in 
months by traditional methods. The option of adding materials selectively and 
conveniently when they are needed will eventually reduce the waste and cost of the parts. 
Ultimately, industrial designers will design products digitally with computer aided design 
(CAD), later to be acquired, modified, and produced with personalized 3d printers by 
users.       
Recently, the concept of personalized factory in every home has become more 
feasible. Commercial or custom-made desktop 3d printers are readily available for the 
user to produce their digital models. Currently, the most commonly used material is 
thermoplastics, but recently professional quality production devices with more material 
options such as, thermosetting polymers, ceramics, and metals have been developed. 
However, these devices are still restricted by the lack of quality materials. Material 
option limitations are much greater for AM compared to conventional methods [1].  
Since the beginning of 1980’s, many AM methods have been established. Over 
the last thirty years, these methods have been named: freeform fabrication, additive 
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processing, rapid manufacturing, additive manufacturing, additive fabrication, direct 
digital manufacturing, etc. [2].  However, most of these methods produce parts with 
relatively low mechanical strength which makes them not suitable for high strength 
purposes [3]. As a result, more complex parts and structures, with applications through 
wide-ranging industries such as medical [4], electronics [5-7], and composites [8, 9] have 
gained significant attention from researchers. 
The addition of fiber and particle reinforcement into the 3d printed polymer 
during fused deposition modeling (FDM) [8, 10], stereolithography (SLA) [11, 12], ink-
jet printing [13] was successfully used for fabrication of reinforced polymer composites 
(RPC). For example, ink-jet printing has the capability of printing multiple materials (up 
to 14) in a single build [14]. Ink-jet printing, which is a fairly new variation of AM, also 
has advantages in scalability and material mixing, in addition to better surface finish and 
speed. Shear-induced alignment of fiber reinforcement is readily available for FDM and 
inkjet printing. Short fiber alignment along the extrusion direction is partially obtained as 
a result of shear, which is generated during flow through the nozzle [8, 10, 13]. However, 
FDM does not generate preferred surface finish and is a significantly slower method in 
contrast to SLA and Ink-jet printing. However, the FDM extruding and ink-jet heads are 
prone to clogging and the addition of reinforcement increases the possibility of clogging 
in the nozzle. Therefore, alternative options for alignment and manipulation of fiber or 
particulate positions can solve the related problems of FDM and ink-jet methods.  
The short fiber alignment during SLA was demonstrated by electrical field [15-
17] , magnetic field [11], and acoustic field [12]. However, using magnetic or electric 
fields require the material of the reinforcement to have specific magnetic and electrical 
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properties. In contrast, acoustic field can be used for fiber and particle manipulation, 
alignment, and microstructuring without too many material limitations [12, 18-20]. The 
acoustic field is a useful method to distribute and pattern particles towards pressure nodes 
or anti-nodes in the matrix medium. Although, acoustic radiation forces arrange the fibers 
in the form of strands of long parallel lines, increased fiber volume concentration causes 
the individual fibers to have a higher amount of misalignment [21]. While acoustic 
alignment is a good option for micropaterning and microstructuring with unique acoustic 
patterns, flow-induced alignment can be a good alternative for better fiber distribution 
and alignment without material limitations during SLA manufacturing.   
1.2 Aim and Scope 
The aim of this dissertation is to investigate new methods to produce composite 
parts with improved strength or functionality by employing SLA as an additive 
manufacturing technique. Two methods were focused to achieve the aim. The first 
method is shear-induced alignment of fibers via lateral horizontal shaking device, which 
is inspired by large amplitude oscillatory shear test. The second method is acoustic 
microstructuring of electrically conductive particles to fabricate embedded micro wire 
patterns. 
The main objective of shear induced alignment method is to develop an approach 
to enhance and tailor mechanical properties of the 3D printed parts without reinforcement 
material limitations forced by the technique to align the fibers during SLA. The second 
objective of the method is the produce polymer and ceramic composites with aligned 
fibers to investigate flexural strength (See Ch. 3) and tensile strength (See Ch. 4) 
enhancements by the suggested method. The main objective of the acoustic micro 
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patterning is to produce parts embedded with electrically conductive wire structures. The 
second objective of this approach is to investigate the conductivity achieved with 
different materials and line widths (See Ch. 5). 
1.3 Additive Manufacturing 
3D printing or additive manufacturing has become mainstream, even for people 
not directly involved with the industry and research. As a result, cheaper and more 
common forms of 3D printing are entering in domestic settings. However, 3D printing 
and additive manufacturing refer to a big spectrum of different technologies and methods. 
A standard definition of AM technologies to include all these methods and technologies 
is define by ASTM as “the process of joining materials to make objects from 3D model 
data, usually layer upon layer, opposed to subtractive manufacturing methodologies, such 
as traditional machining” [22] 
The most important benefits of AM can be listed as [23]: 
 Provides more freedom and flexibility during design, optimization, and 
innovation 
 Has a smaller environmental footprint because it generates less waste and 
consumes less electricity 
 Provides better date and time predictions, therefore enhances the 
production flexibility and time management 
 Reduces production costs by eliminating the required tools and makes 
production of low quantity specialized production cheaper and more 
feasible   
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1.4 Additive Manufacturing Methods 
Although there are several AM methods, they all follow some essential processes. 
For example, 3D objects which will be produced need to be designed in a 3D engineering 
CAD software, such as SOLIDWORKS
®
, CATIA
®
, AutoCAD
®
, PTC Creo
®
. These 
professional engineering programs provide tools to simulate assembly, mechanical 
strength, and can also convert the model to an STL file. STL files describe a standardized 
file format for AM consisting of triangulated surface representation by approximating the 
model’s surface features in a 3D Cartesian coordinate system. The STL file is uploaded 
to AM software to be sliced into a G-code format which is made up of lines in 3D 
Cartesian coordinate system to instruct the 3d printer. The 3d printer deposits the material 
layer by layer based on G-code data until the model is completed. After the completion of 
the build process, some of AM techniques may require post processing methods to 
increase mechanical strength of the completed piece [24]. 
Currently there are seven additive manufacturing process classifications. These 
processes are binder jetting, directed energy deposition (DED), fused deposition 
modeling (FDM), inkjet printing, selective laser sintering (SLS), laminated object 
manufacturing (LOM), and stereolithography (SLA). These categories can be 
distinguished more by the materials, dimensional accuracy or the energy sources. 
The SLA systems use a process of photopolymerization by an ultraviolet (UV) 
light source to cure photosensitive liquid resin in a layer by layer fashion. Normally, 
high-speed mirror galvanometers are operated to guide the UV light beam across the 
liquid polymer resin surface by following the direction of the G-code generated by AM 
software. When a layer is cured, the platform is moved as much as the desired thickness 
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of the next layer and the same process is repeated until the whole piece is finished. A 
motorized wiper can be utilized to generate uniform layer thickness. After the completion 
of the process, the excess resin should be rinsed away with isopropyl alcohol or ethyl 
alcohol. If the support structures exist, they should be removed. Finally, the piece should 
be post-cured in a suitable UV light oven to complete the curing process [25]. The SLA 
systems provide better quality and surface finish compared to the FDM systems, however 
removal of the piece from the platform or removal of the support structures can be 
difficult and the manufactured part can be damaged [26]. 
The SLS systems use a high power CO2 laser to melt the powder, which is spread 
along a flat base with desired thickness. The CO2 laser follows the direction of the G-
code generated by the AM software to generate the patterned shape. The melted powder 
particles fuse together to generate a sintered solid object. When a layer pattern is sintered, 
a rolling mechanism spreads the next layer of meltable powder onto the previous one and 
then the same method is repeated until the whole model is sintered together. The SLS 
system is similar to the SLA system, except the requirement of the support structure. The 
unmelted powder holds the sintered parts in position and acts as a support. The parts may 
require sanding if a specific surface roughness is desired. However, the SLS system uses 
a very powerful laser which requires high power and the surface finish is not as good as 
the SLA system [26]. 
FDM is a material extrusion based AM system which uses an extruding 
mechanism with a hot-end nozzle to deposit thermoplastic polymer material as a layer on 
a building platform. The hot-end nozzle heats the thermoplastic filament into a softer 
semi-liquid state as the extruding mechanism pushes the filament through the hot nozzle 
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to be deposited on the platform surface. While filament is deposited on the surface, XY 
stage follows the G-code and patterns the desired shape for each layer. After the new 
layer hardens and bonds to previous layer, Z-axis moves the platform for the next layer 
[24]. The post-processing consists of separating the support structure from the solid 
model and some dimensional netting, such as sanding and honing. The FDM process is 
slow and not precise compared to some other AM techniques, but it is cheaper and easier 
to change materials in use with some other options [26]. 
The LOM method of AM  was founded by the Helisys Inc. in 1985 [24]. In 
contrast to other methods, The LOM process starts with an adhesive coated thin plastic or 
paper sheet. The sheet is heated and bonded on the surface with a roller and paper is cut 
and shaped by a laser. The excess part of the sheet is removed after shaping and the next 
sheet is bonded to the previous layer. This process continues until the model is complete. 
The completed pieces are generally finished by polishing and sanding for desired surface 
finish [26]. Despite being relatively inexpensive and fast even for large volumes, 
extensive post-processing after the completion of the layer stacking requires the model to 
be well designed [27]. 
1.5 Applications and Progress 
Because of the good precision of the completed pieces and the enhancement of 
the efficiency during automation practices, AM has been used in numerous industries. 
The spread of CAD software at the end of 20
th
 century enabled the progress of AM 
technology to infiltrate into these industries [26]. While new methods are emerging and 
existing technologies are evolving, the applications of additive manufacturing also 
continue to grow. For example, NASA used FDM method to produce more than 70 parts 
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of the mars exploration rover [28]. Piper Aircraft replaced CNC machined parts of their 
hydroforming device with 3d printed ones to reduce production costs and material surplus 
during their personal jet manufacturing line [29]. The SLA process was utilized in the 
medical field to save time and cost for the custom prototyping of cranioplasty [30]. There 
are many other industries where AM processes have been used for method and process 
development, such as jewelry [31], electronics [32], automotive [33], and biomedical 
[34]. 
Research interest and attention for expanding industry applications of AM 
resulted with further progress in AM methods themselves and new approaches. He et al. 
[35] developed a efficient and economical method to produce micro-wavy pattern, such 
as herringbone [36] by using direct image lithography and a model to calculate grayscale 
Gaussian distribution. He et al. [37] also used similar model for developing a method of 
dual projection to manufacture circular microfluidic channels. The particle transport, 
deposition, and binding test results during the study compliments with the literature 
expectations [38-42] and demonstrates the practicality of the fabrication method. 
Optimization studies of 3d model orientation [43] and G-code algorithms [44] also 
improve build time and accuracy. Development of hybrid CNC/AM system, which 
combines CNC and FDM techniques, is a useful progress for  functionality and optimized 
build time [45] 
1.6 Stereolithography 
Hull [46] described the SLA system as a system which consists of a laser, a liquid 
resin VAT, a platform, and a computer to produce solid 3D objects from a photosensitive 
liquid medium (see Fig 2-1).  Similar approaches of 3D printing have suggested the use 
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of photomask and injection or spraying liquid resin droplets  delivery systems during the 
process [47, 48]. During these suggested systems, after deposition of a layer by light 
source, the platform is moved by the layer thickness to create necessary space for next 
layer. 
 
Figure 1-1 Schematic illustration of mirror-based top down SLA machine 
 
The projection based SLA AM method has been utilized in these studies. In 1992, 
Jacobs explained important parameters of the process, such as curing depth, light energy 
distribution, X-Y scanning speed, width of curing [49]. These equations also apply to 
other slightly different methods, including Projection based SLA [50, 51]  and Scanning-
Projection based SLA [52, 53], and etc. 
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1.6.1 Curing Mechanism of Polymer Resins 
Photopolymerization is typically a complex chemical reaction which uses a 
radiation source to solidify polymeric materials. Various industries such as coating, 
adhesive, and additive manufacturing make use of photo sensitive materials because of 
their optical and chemical properties [54].  
Free radical photoinitiation (FRPI) and cationic photoinitiation (CPI) are two 
general and different mechanisms [55]. While CPI is generally related with epoxy 
monomer applications, FRPI is mainly related with acrylate monomer applications. 
Photoinitiation processes consist of initiation, propagation, and termination for both 
mechanisms [56]. In all three studies of this dissertation, acrylate monomer systems were 
used. 
An acrylate monomer system consists of acrylate monomers, photo-initiator, and 
UV dye. The photo-initiator is added into the resin to absorb the photon and release free 
radicals. Free radicals initiate polymerization process by breaking the acrylate 
monomer’s carbon-carbon bonds leading to polymerization and crosslinking. This 
process, which occurs from the absorption of the photon to the start of the 
polymerization, is called the initiation process. Acrylate systems are much more reactive 
to the initiation by radicals than cationic systems, as a result acrylate materials crosslinks 
much faster than epoxy solutions [55]. The initiation process is followed by the 
propagation step, which is a chain reaction between activated acrylate monomers and 
other monomers/cross-linkers. The termination step follows the propagation step when 
the chain reaction is stopped by combination of two radicals. Additionally, oxygen 
inhibits the polymerization process by reacting with the free radicals and forming 
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peroxides. This feature of oxygen is used in bottom up SLA system to separate cured 
layer from the bottom of the VAT [57].     
Cationic resin systems contain cationic form of photoinitiator which splits into a 
free radical and a cation when exposed to photons. The cation parts start the 
polymerization and crosslinking process and build the final crosslinked structure which is 
desired. However this process is much less reactive compared to  FRPI systems and 
usually it is not effected by the oxygen [58] 
1.6.1.1 Free Radical Photopolymerization 
 
Figure 1-2 Schematic illustration of the free radical polymerization process. 
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The stereolithography method started the use of acrylate monomer resin which is 
exothermic free radical photopolymerization system [59]. Initiation, propagation, and 
termination are the fundamental stages of this free radical photopolymerization process 
(see Fig 1-2). At the initiation stage, photons from the light source are absorbed by the 
photoinitiator; as a result of this absorption, photoinitiator generates free radicals (R •). 
Then, free radicals activate the chain reaction by bonding with the monomers (M). If 
there is oxygen in the environment, generated free radicals bond with existing oxygen 
molecules to form inactive peroxides. The polymerization does not progress to 
propagation stage, until all oxygen or similar inhibition molecules are consumed by free 
radicals. A sufficient level of light exposure (E*) is required to overcome such a 
inhibition effect [57].  
The propagation stage starts at different locations where the radicals are initiated. 
The radicals expand to a macroradical and then resin turns into a crosslinked gel at the 
location of the light exposure. As the polymerization continues, the gel becomes more 
viscous. The propagation stage is generally terminated by recombination, 
disproportionation, and inhibition. Inhibition is commonly observed where exposure to 
oxygen occurs, such as thin films and top surface of liquid resin. Oxygen diffuses into the 
liquid resin and hinders the initiation stage and existing radicals [60]. 
Monomer conversion during free radical photopolymerization is known to be a 
low degree reaction. The completion of the polymerization by post curing is a 
requirement for high strength applications. The parts, which are produced by SLA 
system, have a certain degree of shrinkage based on the material. The shrinkage of the 
parts without sufficient amount of mechanical strength can cause distortion and cracking 
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of the pieces. Distortion, cracking, and shrinkage can be calculated and prevented by 
model optimization [61].      
1.6.1.2 Cationic Photopolymerization 
Triarylsulfonium and diaryliodonium are most commonly used onium salt for 
cationic photopolymerization. When light is exposed to triarylsulfonium, the 
photodecomposition process starts with photolysis of a Bronsted acid, which is a catalyst 
for epoxide polymerization. The cationic photopolymerization began with photo-induced 
protonation of epoxide group and progress by a chain reaction. However, the 
polymerization process is not terminated instantaneously and it can last many hours or 
even days [62, 63]. 
1.6.2 Light Absorption 
The SLA system works by curing liquid resin layer by layer based on 
polymerization of the resin by absorbed light on the surface of the liquid. The absorption 
of light on the surface is defined by the Beer-Lambert Law which defines the correlation 
between curing thickness, light penetration distance, energy of the light exposure per 
surface area, and exposure threshold of the resin [35, 64]. The exponential gradient of the 
curing profile is provided by The Beer-Lambert law as: 
𝐶𝑑 = 𝐷𝑝 ln(𝐸 𝐸𝑐⁄ ) (1.1) 
where Cd  is the curing thickness, Dp  is the light penetration distance of the monomer 
system, E is the energy of the light exposure on the surface of the liquid resin, and Ec, is 
the exposure threshold of the monomer system.  
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The distribution of energy for an emitted light is not uniform due to dimensional 
aberrations, optical scattering, spatial inconsistencies, and light distortions.  As a result, 
emitted light will get diffused and forms a quasi-Gaussian distribution [65]. Fig. 1-3 
demonstrates the curing profile and light energy distribution for ideal and actual 
situations. 
  
(a) (b) 
Figure 1-3 Schematic drawing of curing profile and the light energy distribution:         
(a)  Ideal case without diffusion, (b) Quasi-Gaussian distribution 
 
1.7 Material selection for Additive Manufacturing  
Majority of the AM systems are dedicated on the rapid prototyping polymers, 
ceramic, and metals. Similarly, enhancing abilities of these systems in the sense of 
material quality, cost of the process, dimensional accuracy and production speed is the 
main objective of many research studies.  Manufacturing particle or fiber reinforced 
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composite parts by mixing the reinforcement with the AM material to improve many 
properties; such as mechanical, electrical, and thermal properties is the topic of those 
research studies [66-70]. Additive manufacturing of ceramic reinforced polymer 
composites have also inspired additive manufacturing of ceramic materials.  Nowadays, 
most of the fabrication of ceramic using AM starts with 3d printing green pieces which 
consist of 50-60% ceramic particle and 40-50% remaining polymer. These 
polymer/ceramic composite pieces are processed by sintering in high temperature to 
remove polymer material and bond the ceramic particles together. 
1.7.1 Composite Fabrication 
Today, the innovations in AM methods gave opportunity to progress in AM of 
composite materials. AM techniques which have been utilized for composites production 
are fused deposition modeling [71], selective laser sintering[72], laminated object 
manufacturing [73], direct ink writing [8, 74], and stereolithography [75, 76]. Most of the 
time, these methods are utilized for composite production in order to enhance mechanical 
properties of polymer matrix which is most available additive manufacturing material.   
1.7.1.1 Fused Deposition Modeling of Composites 
FDM method is the cheapest method of additive manufacturing. As a result, it 
was one of the earlier methods to be employed for composite additive manufacturing. 
Reinforcement can be incorporated by using a reinforced thermoplastic filament. Carbon 
black and carbon fiber are most commonly used reinforcement during FDM process. 
Carbon black is mainly used as reinforcement for its electrical conductivity. Carbon black 
particle reinforced polycaprolactone (PCL) was utilized for electronic sensor 
manufacturing by Leigh et al. [5] as a cost effective electrically conductive material. 
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They used a commercial desktop FDM device to extrude a conductive filament with 
15wt% filler content.  
Shofner et al. [77] prepared short carbon fiber reinforced Acrylonitrile-butadiene-
styrene (ABS) filaments suitable for the FDM method. They utilized Banbury mixing 
method to achieve uniform mixing and dispersion of short fiber reinforcement into ABS 
polymer. The mixed material was granulated and extruded as a filament to use during 
FDM process. The results of the study demonstrate the alignment of the fibers in the 
extrusion direction as a result of the shear generated by the flow through the hot nozzle. 
However, short fiber reinforcement of the material in FDM method reaches its optimum 
properties around 5wt% short fiber content and further improvement of the content 
increases the filament buckling failures and discontinuities [9, 78]. Using continuous 
fiber as the reinforcement was suggested as a solution to this issue by Matsuzaki et al. 
[71].  The method suggested allows deposited layer to contain 40-50% fiber content. 
1.7.1.2 Selective Laser Sintering of Composites 
The SLS process can utilize the composite powder mix of reinforcement filler and 
matrix material to fabricate composite materials. Kenzari et al. [72] mixed 30% 
quasicrystal filler with 70% nylon particles  to use as the raw material for SLS method. 
They produced leak-tight quasicrystal reinforced polyamide based composite with 
enhanced friction and wear resistance properties. 
1.7.1.3 Laminated Object Manufacturing of Composites 
Klosterman et al. [73] used LOM process to manufacture glass fiber reinforced 
epoxy polymer composite by using composite sheets instead of laminated 2d sheets.  
They utilized the vacuum bagging method to finalize the process.  The method can 
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achieve 1% dimensional accuracy in X-Y axis and 8% accuracy in Z axis due to 
lamination and vacuum bagging process. The method uses laser to shape the layer, 
therefore surface quality of the produced parts is reduced by edge burning. 
1.7.1.4 Direct Ink Writing of Composites 
This method is very similar to the FDM process. DIW devices extrude colloidal 
inks while FDM extrude quasi-liquid thermoplastic melt. Deposited layers can be cured 
by photopolymerization [79], evaporation [74], or thermal curing [8]. The method was 
used to build different forms of composite examples, such as carbon nanotube reinforced 
polymer nanocomposite microcoils [80], ceramic reinforced polymer nanocomposites 
[79], locally aligned cellulose fiber reinforced hydrogel composite [81], multiwall carbon 
nanotube reinforced conductive nanocomposite [74], high resolution composite scaffold 
made of polylactic acid (PLA) and calcium phosphate [82]. 
Before DIW method starts, direct ink material mix should be ready to use except 
the devices with multiple extrusion heads. Multi-nozzle systems can produce parts with 
different composition by depositing different material with different amounts 
independently [83]. This method is capable of producing composites with higher filler 
content and more complex structure, however its resolution is limited by the extrusion 
head and ink properties [79].  
1.7.1.5 Composite Stereolithography 
The SLA system can easily produce composite parts by adding suitable 
reinforcement into liquid photocurable resin for enhancing required material properties.  
Based on the desired enhancement, short fiber or particle can be used as the 
reinforcement. Short fiber reinforcement is used commonly for SLA composite 
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applications to enhance the mechanical strength of the polymeric composite [11, 21, 75]. 
Nano-scale reinforcement addition into photocurable polymeric resin can also be used in 
structural or functional applications to increase mechanical, electrical, and/or thermal 
properties of manufactured pieces by SLA [64, 76, 84]. Different reinforcement material 
options were demonstrated to work for composite fabrication by SLA, such as carbon 
fiber [85] , glass fiber [75], silica [84], alumina [86], cellulose [76], and barium titanate 
[87].   
The properties of resin, reinforcement, and their mixture, such as aspect ratio of 
the reinforcement, surface functionalization, concentration of the reinforcement have 
significant impact on the rheological properties of the liquid resin. Reinforcement 
concentration has significant influence on the viscosity of the resin and its influence 
becomes more important at high volume fraction applications including ceramic 
composites due to low fluidity of the resin [75, 85]. Aspect ratio and the concentration of 
the reinforcement have substantial effect on the mechanical properties of the composite 
materials. In optimal volume fractions, fiber reinforcement with proper aspect ratio can 
increase flexural and tensile strength, when agglomeration is prevented and fibers are 
well dispersed [84, 88]. However, the improvements which can be achieved by low 
volume fractions are not adequate for the applications of current composite industry.   A 
solution for viscosity issue of the high solid loading is using a viscosity modifier to 
increase the fluidity.  A diluting agent has been used in photocurable resins to achieve 10-
40% solid loading with adequate viscosity by researchers [89-91].  Goswami et al. [90] 
achieved up to 40 vol% solid loading of alumina by using decalin as a diluent with 
TH2080 monomer and by ball milling the slurry for 5h.  
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Surface functionalization or interface modification is another important parameter 
which effects functionality and material properties of the composites. McCall et al. [87] 
chemically treated surface of BTO nanoparticles to achieve better mechanical-to-
electrical conversion in photocurable resin with 10 wt% BTO nanoparticles and CNTs.  
Chiu et al. [92] used silane treatment to modify the surface of the bamboo fiber for 
reinforcement of polyester diacrylate photolithography resin. The treatment resulted with 
an increase in surface hardness of the composite, tensile strength, and fracture strain of 
the composite. 
1.7.2 Ceramic Fabrication 
Ceramic fabrication by additive manufacturing technique contains 3 different 
stages: slurry preparation, production of green part, and sintering. The AM method 
commonly used to produce green parts consist of selective laser sintering [93], fused 
deposition modeling [94], binder/ink jetting [95], laminated object manufacturing [96], 
and stereolithography [97]. The process of green part fabrication depends on AM process 
chosen for fabrication, however, most of the methods include sintering stage which 
polymeric binder removed and ceramic particles bonded together.   
1.7.2.1 Selective Laser Sintering of Ceramics 
The SLS systems are mainly used for metallic fabrication due to their capabilities 
to handle residual stress cause by thermal gradients. If the system is used for ceramics, 
accumulated inner stresses consequently results with crack development in the fabricated 
piece. One of the suggested approaches to prevent crack development during fabrication 
is reducing thermal gradients by heating the ceramic powder to a higher temperature (e.g. 
1600°C) before using the laser to melt the particles together [93]. This method releases 
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inner mechanical stresses considerably as result of reduction of the thermal gradients. 
However, if the deposition of ceramic powders for the next layers is done with cool 
powders instead of preheated ones, it can still cause crack development in the ceramic 
layer.  
1.7.2.2 Fused Deposition Modeling of Ceramics 
These methods based on the approach of depositing the ceramic particle and 
thermoplastic polymer mixture via extrusion through hot nozzle and fast solidification of 
the quasi-liquid melted polymer. Ceramic filled thermoplastic filament can be mixed 
prior to the whole process [94, 98] or simultaneously with the extrusion [99].  
Scheithauer et al. [99] formulated the mixture simultaneously with the deposition process 
by mixing stainless steel and zirconia powders with thermoplastic binder at 100°C. The 
system was depositing the prepared mixture onto a platform heated to 80°C temperature.  
Binder removal and sintering can provide finished pieces with density reaching 
close to 99% of the bulk density of the ceramic.  A similar approach called Freeze Form 
Extrusion Fabrication (FEF)[100] extrudes  aqueous based alumina paste and solidifies 
the paste immediately after the deposition of the paste on the surface layer by layer. This 
process can support bigger build size and higher volume fraction of the ceramic fillers 
with density up to 98% of bulk density.  
1.7.2.3 Binder/Ink Jetting of Ceramics 
The ink-jet approach of ceramic fabrication uses pre-ceramic polymer precursor 
which can derive ceramic material or ceramic suspension which polymer binder can be 
removed.  Mott et al. [95] used pre-ceramic polymer precursor, which can derive silicon 
carbide by pyrolysis, to fabricate silicon carbide parts. Ceramic production with ink jet 
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printing has more material options, but volume concentration of the ceramic particles is 
limited due to the viscosity issues. Due to the viscosity issues, Ebert et al. [101] used only 
27 vol% of solid loading for their zirconia suspension during their ink-jet printing of 
dental applications.  
Binder jetting method is a similar application to the ink-jet method. While ink-jet 
printers deposit a ceramic suspension or pre-ceramic polymer precursor, binder jetting 
devices deposit a liquid binder on a ceramic powder mixture. The binder jetting approach 
can reach the same density of the ceramic powder mixture used.  By adding apatite–
wollastonite glass powder as a reinforcement into hydroxyapatite powder which is a 
mineral form of calcium apatite, Suwanprateeb et al [102] enhanced  the mechanical 
properties of composite prosthetic bone implant, such as flexural modulus and strength  
produced with  binder jetting.   
1.7.2.4 Laminated Object Manufacturing of Ceramics 
The LOM technique is used by Gomes et al. [96] to produce green parts by using 
ceramic laminates as the process layers. They used water-based ceramic powder 
suspension to form a ceramics laminate, which was the raw material of the LOM ceramic 
method. Ceramic laminates were shaped by laser and bonded on the previous layers with 
adhesive agent solution. However the method wastes big amount of the ceramic 
laminates without achieving a good finish surface. 
1.7.2.5 Stereolithography of Ceramics 
In a similar way with composite fabrication via stereolithography, dense green 
part for ceramic fabrication can be printed by adding ceramic powders into photocurable 
polymeric resin. SLA approach can produce parts with better resolution, surface, and 
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functional structures, such as ceramic based scaffold [103, 104].  As it was mention in 
section 1.7.1.5, during SLA process with high volume fraction of additive particles, a 
diluent can be  used to reduce the viscosity of the suspension [90]. It is very common to 
use deionized water to lower the viscosity of the slurry; however fabricated green body 
has low mechanical strength when aqueous ceramic slurry is used. Resin based ceramic 
slurry has higher mechanical strength as a green part, but the viscosity needs to be 
reduced with diluent such as decalin [90] and colloidal silica [97]. 
Other possible solutions for viscosity are using wiper blade or casting mechanism 
to spread the highly viscous ceramic slurry as a uniform layer [105-107] or using UV-
active preceramic monomer for SLA of ceramic [108, 109].  Wiper blade and casting 
mechanisms require much bigger devices compare to the building platform. Preceramic 
monomer for ceramic production can produce much better mechanical properties 
compared to other slurry options; however it can only fabricate Si-based ceramic parts. 
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Chapter 2: Literature Review: Fiber 
Alignment and Acoustic Particle 
Patterning 
2.1 Short-fiber Composites 
Fibers, which can be synthetic or natural materials with high aspect ratio, are 
extensively used to reinforce composites. The addition of fibers is used to enhance 
mechanical, thermal, and electrical properties of the matrix material. They are also used 
in a wide range of applications as a result of their strength and durability. Conventional 
materials, such as metal components are substituted by fiber composite materials in many 
industries including transportation, construction, aerospace, and electronics. 
2.1.1 Mechanical Properties 
The material properties of the composites are based on matrix material, fiber 
material, fiber length, fiber orientation, and the interfacial strength between fiber and 
matrix. Even though continuous fibers are much more suitable as reinforcement for 
mechanical property improvement, short fibers can achieve similar properties if higher 
aspect ratio fibers are used with the right volume fraction [110].  Higher short fiber 
content enhances the properties of the composite, but it limits the fabrication and post-
processing. Surface modification can help by improving inter-layer bonding and viscosity 
adjustments [75, 111]. The influence of short fibers are based on the their distribution and 
orientation in the mixture of fiber and matrix [110]. Therefore, to approach similar level 
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to the continuous fiber reinforcement, orientation and length of the short fiber needs to be 
considerably controlled and optimized  [112].  
The force distribution in a composite during an applied force is relative to the 
specified material. The relation between carried stresses by a fiber and matrix and applied 
forced is defined as “Rule of Mixture”.  “Rule of Mixture” is a weighted mean which 
estimates properties of composite materials [113].  
𝐸𝑐 = 𝑓𝐸𝑓 + (1 − 𝑓) 𝐸𝑚 (2.1) 
where f is the fiber volume fraction, 𝐸𝑚  is the material property of matrix, 𝐸𝑓  is the 
material property of fiber, and 𝐸𝑐 is the material property of composite.  
When a composite material is exposed to an external force, internal and external 
stresses are generated on that composite material. Especially the tips of the fibers develop 
stresses as a result of the shear load on the interfacial region in between the fiber and 
matrix. 
The material strength of the composite parts are determined by the volume 
fraction of the fiber, fiber aspect ratio, the length and diameter of the fibers, failure strain 
and their relationship [114]. During the directed carbon fiber preforming method, it has 
been reported that the fiber orientation is effected by fiber length and tow size [115]. The 
study shows that increased fiber length provides greater alignment and larger tow size 
increases the alignment because of restricted movement of the fibers due to increases in 
weight of the fiber with larger tow [115]. Increased concentration of the internal stresses 
at the edges of fibers, short fiber length should be optimized to sustain the applied forces 
on the composite material and provide the necessary flexibility to the fibers for the 
manufacturing process [116]. 
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2.1.2 Fiber Length Distribution 
The short fiber reinforced composites will not have comparable tensile and 
flexural strength to the continuous fiber reinforced composites due to the shear stress 
concentration at the tips of the fibers [113, 117, 118]. In contrast, Young’s modulus and 
stiffness of the short fiber and continuous fiber reinforced composites are similar. 
Microscopy inspection showed that cracks at the tip of the fiber will progress further into 
the matrix. However, better shear yielding and shear fracture along the fiber direction 
was demonstrated at the interfacial region between fiber and matrix when shear band was 
extended at the tips of the short fiber [119]. Higher aspect ratio of the fiber will cause 
larger internal shear stresses and failure. As a result, short fiber reinforced composites 
bears less loads when the shear stress profile is not completely developed along the fiber 
length. 
Continuous fiber reinforced composites are more labor intensive than its short 
fiber counterpart, therefore short fiber reinforced composite are usually quicker and 
cheaper [120]. The short fiber reinforced uncured resins have increased drapability which 
is defined as the tip deflections ratio per minute, thus they can be used to produce more 
complex shapes with reduced longitudinal modulus. 
2.1.3 Fiber Volume Fraction 
When compared the neat matrix material, short fiber reinforced composites have 
increased material properties. In the studies of Fu et al. [114], the optimum mechanical 
strength was achieved with 25% volume fraction of the aligned short carbon fiber 
reinforced polypropylene composite with the fiber length longer than 800 μm. The 
minimum volume fraction which provides any improvement of the desired property is 
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called the critical volume fraction (CVF) [121]. CVF describes the minimum value of 
volume fraction of short fibers which is required for them to transport the applied force 
with a low percentage of the inner stress applied to the matrix [113]. While CVF is 
required for any improvements, a high fiber volume fraction can cause an opposite effect 
on the material properties [114, 115, 122].  This is mainly caused by fiber end initiated 
failure and might be prevented by increasing the length of the short fibers [123]. 
2.1.4 Fiber Alignment Methods 
The short fibers inside the matrix can be aligned or randomly orientated. 
Randomly orientated short fibers provide high drapability. Material properties of 
randomly orientated composites can be very variable [115, 121], while aligned fiber 
reinforced composites provide regularly good mechanical properties [114, 124, 125]. 
Alignment of the short fibers is essential for approaching the mechanical properties of 
that exhibited by the continuous fiber reinforced composites. 
Determination of the fiber alignment in a composite material requires careful 
examination for position, distribution, and orientation of the fibers. The location of the 
elliptical cross-section to the reference x-y-z axis is commonly used to calculate the 
degree of fiber alignment. In Figure 2-1, θ shows the orientation angle of the defined 
fiber with respect to z axis, while 𝜙 shows the orientation angle with respect to x-z plane. 
θ and 𝜙 angles with the fiber length are all that is required to define the 3D orientation of 
a fiber [126]. 
Figure 2-2 shows the depiction of the elliptical cross-section of the fiber model, 
which can be used to calculate the angle 𝜙 of misalignment, compared to the fiber with 
the alignment of the vertical θ angle [111]. 
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Figure 2-1 Description of the fiber alignment with θ and Ø angles to the z-axis 
 
Figure 2-2 Schematic illustration of misaligned and aligned fibers; (a) demonstrates a 
misaligned fiber with a misalignment angle of Ø. A and B are the radiuses of the 
elliptical cross-section of the fiber, (b) a vertically aligned fiber on z-axis with 100% 
orientation. 
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A microscope image of the polished fiber tips can give the information necessary 
to determine the fiber orientation. This single sectioned, two dimensional fiber alignment 
analysis has some disadvantages when a wide range analysis of orientation distribution is 
present [126]. The cross-section of the fiber depicted in Figure 2-2 can be used to 
calculate the angle Ø of misalignment by Eq. 2-2. 
Ø = cos−1(𝐵/𝐴) (2.2) 
Even though high material properties can be obtained by aligning short fibers in 
composite materials, it is hard to produce composite materials with well aligned and 
dispersed short fibers throughout the composite. Some of the methods which are used to 
align short fibers include: hydrodynamics [120], extrusion [127], electrostatics[128], and 
magnetics [11]. 
2.1.4.1 Hydrodynamics 
The hydrodynamic alignment methods use a very viscous liquid fiber suspension 
to create composite parts with aligned short fibers by sending the suspension along a 
converging nozzle. The fibers in the suspension follow the streamlines in the fluid flow. 
Injection molding and extrusion use the hydrodynamic flow technique and this method 
was reported being capable of aligning over 90% of the short fibers in the suspension 
with the range of +/-15° accuracy [129]. 
Papthanasiou stated that existence of the short fibers in the fluid results with 
alteration of the velocity field[120]. As the fiber travels with fluid, velocity on the fiber 
surface generates a mismatch and result with the rotation of the fiber by disturbing the 
fluid around the fiber. Thin fiber generates smaller mismatch and results with slower 
rotation of the fiber out of the alignment. A short fiber with high aspect ratio in a flowing 
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suspension aligns quickly, leaves the alignment slowly and realign quickly when rotates 
out of the aligned direction. As a result, most of the fibers with high aspect ratio will stay 
aligned along the streamlines most of the time and easier to align [120, 130]. 
To achieve alignment of a plastic rod, the rod was flown in a direction several 
times in an epoxy slurry [131]. The motion of the rod through the slurry was adequate to 
achieve the fiber alignment. Compared to the randomly orientated fiber reinforced 
composites, the aligned ones had 100% more tensile strength and 90% more stiffness, 
agreeing with the prediction of the computer model[120]. While the fracture of matrix 
and debinding of the short fibers are more common with low value of fiber alignment, the 
breakage and pull-out of the fibers are mainly observed in highly aligned short fiber 
reinforced composites [130, 132]. 
2.1.4.2 Extrusion 
In an investigation of short fiber reinforced composites produced by freeform 
extrusion with syringe extrusion and hot plate post curing system was done by Calvert et 
al. [133]. They found that increase of the fiber length resulted with increase of the 
Young’s modulus. Their results restated that longer short fibers considerably enhance the 
mechanical properties [115, 117] including increase of the Young’s modulus, reduction 
of the yield strain without any visible change on the yield stress. 
In an another study, material properties of extruded polypropylene composite with 
the reinforcement of short fibers were predicted with the models of Cox [134] and 
Fukuda et al. [135] by examining the length, distribution and material properties of the 
short fibers [136]. The study revealed that the improvement of the short fiber alignment 
in the direction of the extrusion was the result of higher extrusion ratio. Uniform 
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orientation was achieved in the demonstrated section of the extruded polymer by ram 
extrusion, which is commonly used for production of polymer tubing, profile, and rod in 
industry.  
The extrusion method was also demonstrated to align short fibers during a two 
staged method to produce carbon fiber reinforced prepregs [116]. In the first stage, liquid 
suspension of short carbon fiber and thermoplastic polymer were aligned by extrusion 
through a nozzle on a sloped rail.  Then, the extruded mixture was processed to rotatory 
mandrel for the second stage of the alignment process. The method achieved ±4° of 
alignment accuracy with a reported material properties which is 80-94% of the 
continuous fiber reinforced counter parts.  
Injection molding and extrusion of the short fiber reinforced polymer composites 
can achieve 85-95% degree of alignment; however these methods have certain drawbacks 
[116, 137, 138]. These methods require the suspension to be mixed before the process 
and mixing often causes fiber damage which leads to reduction of the fiber length and 
strength of the produced composite parts. This damage increases with higher fiber 
content and extrusion speed. Additionally, fibers should be dispersed in the suspension to 
avoid any blockages during the process.  
2.1.4.3 Electrophoresis 
Electric field induced alignment techniques of short fibers require conductive 
fibers. An electric field generated by the electrodes orients the fibers along the field lines 
[17, 139-141]. An electrical field was used by Chirdon et al. to align short fiber 
reinforced in a photocurable resin [139]. Glass fiber with diameter of 15μm and 120 μm 
lengths were mixed with the resin and the suspension were placed in a container with 
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embedded aluminum electrodes. The photocurable resin was solidified by a 1 mW He–N 
laser with 633 nm wavelength while the electrical field is still applied on the short fibers. 
2.1.4.4 Magnetics 
Currently, magnets which are strong enough to align reinforcements are easily 
accessible and allow remote contactless alignment and spatial control of reinforcement. 
Additionally, magnetic fields are not influenced by static charges on the surface or any 
surface chemistry compared to the electrophoresis method [142]. The size of the fibers 
has significant effect on the necessary magnetic torque of the fiber alignment. For nano 
scale particles, the process is dominated by the thermal forces, while the process for 
larger particles is dominated by gravitational forces. As a result,  optimum alignment of 
the particles via magnetic field occurs when the size of the particles is a few micrometers 
[143, 144]. During studies of Takeyama et al. [144] the strength of the magnetic field 
required for  alignment of single walled carbon nanotubes was 40 T, while it was by Erb 
et al. [143] as  10 T for 10µm  particles. 
Yamashita et al. [145] aligned short graphite fibers in a resin suspension using the 
magnetic field. They defined the critical concentration of the suspension and investigated 
the influence of the fiber content on the magnetic alignment and orientation of the short 
fibers. They demonstrated that fiber aligned along the magnetic field when they are 
coated with ferromagnetic material, such as nickel. If fiber content is increased too high, 
fiber-to-fiber interactions limit the alignment of the fibers. 
2.1.5 Flow Induced Alignment 
Existing methods for the orientation of short fibers in a bulk suspension flow use 
models which include the orientation of the fibers and the added stress caused by the 
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fibers. The added stress is related with the orientation of the fibers and the couple 
orientation to the momentum equations. For an accurate estimation of the microstructure 
of short fiber in the composite, material related parameters of the equation should be 
defined right.  Similar methods are also used to analyze effect of shear flow in other 
objects, such as alignment, tumbling, deformation [146].  
The use of rheology is common for determining the material related parameters of 
the equation. In this approach, flow field and testing conditions, including temperature of 
the suspension and shear rate applied, are well controlled to simplify the equation of the 
model. By using an accurate added stress, the material related parameters can be 
calculated without any measurement of the actual fiber orientation. 
2.1.5.1 Orientation Theory 
Most of the calculations related with the particle orientation branched from 
Jeffery’s study which is governed by continuum mechanics [147]. He derived related 
fundamental governing equations of the rotational motion of an elliptical particle in a 
flow. This calculation was expanded by additional term, which is referred to as isotropic 
rotary diffusion, to include the influence of the fiber-to-fiber interaction onto the fiber 
orientation [148]. Additional modifications of the equations have been studied, such as 
anisotropic rotary diffusion [149], slowed kinetics[150], interactions between fibers 
[151], and flexible fiber [152, 153]. Some of these different models contain parameters 
for length, flexibility, and concentration of the fibers, while others account for them by 
phenomenological parameters.  Strautins et al. [152] included additional terms in their 
model for  fiber length and rigidity. Their fiber representation is demonstrated in Fig. 2-3 
and the fiber orientation is simplified with a vector from tip to tip. 
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Figure 2-3 Common depictions of fibers: (a) rigid fiber, (b) semi-flexible fiber 
 
Numerical analysis is also used as a different method to analyze a single fiber and 
can include different fiber dynamics, such as flexibility, interaction between fibers, 
complex networks, when they are formulated [154-156]. Wang et al. simplified the 
bending properties of the flexible fibers by modeling them as connected rigid sections 
[157]. The simplification allowed the model to estimate some phenomena, such as 
aggregation of the fibers which is harder to calculate with continuum mechanics [158]. 
2.1.5.2 Stress Theory 
The addition of fibers in the matrix generates additional stress around the fiber 
surface which is contributed by both fibers and the matrix. The fiber related contributions 
can be listed as; stress on a fiber caused by tension force [159], interaction with another 
fiber [151], movement and deformation of the flexible fiber [153]. As the aspect ratio of 
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the fiber increases, influence of the flexibility and interactions between fibers also 
increases. Rajabian et al. [153] and Keshtkar et al. [160] used thermodynamic models to 
include flexibility of the fiber and the interactions between fibers. They used empirical 
parameters for their models because of absence or the complexity of the stress 
calculation; therefore most of the recent researches are untested except the authors’ own 
study. 
2.1.5.3 Rheology 
Rheological analysis of shear flow was performed in many studies for observing 
the relation between fiber orientation and stress, which was used to measure the stress 
values as a reflection or substitute of the orientation of the fibers [161, 162]. As the fibers 
aligned in the flow of the suspension, shear stress also grows within the suspension. The 
biggest variances in a fiber suspension under steady shear occur at low shear rates, where 
the suspension displays shear thinning phenomenon. 
2.1.5.4 Rheology and Complex Flow Simulations 
The main aim of the research is to employ rheology to determine material 
parameters of the processing flow by using a rheometer under known and simplified 
circumstances [162, 163]. Subsequently, these independently acquired material 
parameters can be used to assess fiber orientation model during extrusion or injection 
molding. Similar studies were also performed for analysis of flexible fiber orientation 
[164, 165] on a center-gated disk with parameters acquired from previous rheological 
studies [166].  
Meyer et al. [165] used the material parameters obtained from center-gated disk 
study to an end-gated plate. They improved the orientation predictions of the fibers in the 
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end-gated plate by fitting the parameters based on the orientation at various locations in 
the plate. They demonstrated that their orientation model for the analysis of the semi-
flexible fibers delivered better predictions compared to the rigid fiber orientation model. 
2.1.5.5 Dynamic oscillatory shear 
Dynamic oscillatory shear analyses are executed by applying a sinusoidal strain 
on the material to determine the mechanical response of the material relative to the time.   
Regimes of the dynamic oscillatory shear analyses are categorized as small amplitude 
oscillatory shear (SAOS) for the shear strain range where material has linear response 
and large amplitude oscillatory shear (LAOS) for the shear strain range where material 
has nonlinear response. As the shear strain is increased at a set frequency, the regime of 
the material response changes from linear to nonlinear (see Fig. 2-4). 
Even though the linear material respond is beneficial during analysis of complex 
fluids for rheological material property examination, linear respond can only be observed 
in a small band of shear strain [167]. Therefore, most of the production methods process 
in the large and rapid strain ranges where behavior is nonlinear and thus, linear 
viscoelasticity does not apply. Therefore, it can be expected that nonlinear material 
response characterization offers more accurate estimates for a real process and the 
investigation of nonlinear material responses for better understanding is essential.  
 The steady shear nonlinear rheology analysis is commonly used related with the 
processing speed capabilities of a material and it is very essential for operations such as 
extrusion and injection molding.  But, most of the processing methods especially for 
injection molding have very high shear strain and very short speed  for steady state 
regime to be established [168]. Additionally, experiments of steady simple shear rate 
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viscometry have constraints related with the amount of information that can be obtained 
about microstructure, elastic relaxation, and material options. This method cannot test 
crosslinked materials or structurally-sensitive materials, while LAOS can be used for 
various complex fluids as a result of the wide range of strain amplitude and frequency 
options that can be applied [169].    
 
Figure 2-4 Schematic illustration of fixed frequency dynamic oscillatory shear test with 
linear and nonlinear response regions. 
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2.1.5.5.1 Fundamental LAOS Behavior 
. During an oscillatory shear flow application, the shear strain and shear rate 
inputs can be described as follows: 
γ(t) = γ0 sin 𝜔𝑡 (2.3) 
γ̇(t) = 𝜔γ0 cos 𝜔𝑡 (2.4) 
  
Stress during large amplitude oscillatory shear can be defined as an expanded 
form of a stress during small amplitude oscillatory shear by shift of amplitude and phase 
and adding higher harmonic terms 
𝜎(𝑡) = ∑ 𝜎𝑛 sin(𝑛𝜔𝑡 + 𝛿𝑛)
𝑛=1,𝑜𝑑𝑑
 (2.5) 
Equation can be rewritten to separate shear strain variable from frequency dependent 
variable [168]:   
𝜎(𝑡) = γ0 ∑ [G
′
𝑛(𝜔, γ0) sin(𝑛𝜔𝑡) + G
′′
𝑛(𝜔, γ0) cos(𝑛𝜔𝑡)]
𝑛,𝑜𝑑𝑑
 (2.6) 
or, 
𝜎(𝑡) = ∑ ∑ γ0
𝑛[G′𝑛𝑚(𝜔) sin(𝑚𝜔𝑡) + G
′′
𝑛𝑚(𝜔) cos(𝑚𝜔𝑡)]
𝑛
𝑚,𝑜𝑑𝑑𝑛,𝑜𝑑𝑑
 (2.7) 
 
The complex calculations of the conditions for large amplitude oscillatory behavior cause 
different interpretations of the behavior. 
2.1.5.5.2 Different LAOS behaviors 
As mentioned before in Section 2.1.5.5, LAOS analyses are done by applying an 
oscillatory shear strain regime, such as sinusoidal wave, generally with a stable frequency 
at amplitude where viscous response is nonlinear (see Fig. 2-5). During a nonlinear 
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viscous regime, which is characterized with  𝐺′(𝜔)  the elastic storage modulus 
and  𝐺′′(𝜔) the viscous loss modulus ,  𝐺′(𝜔) and  𝐺′′(𝜔) values are generally hard to 
interpret because of non-sinusoidal response. 
 
Figure 2-5 Schematic illustration of the LAOS test at a fixed frequency with the 
resulting distorted sinusoidal stress waveforms.  
 
As a result of being easily obtained from commercial rheology devices, G΄(γ0) 
and G˝(γ0) values are commonly involved in the investigation of the LAOS tests. In the 
LAOS studies distortion of stress response away from the shear strain form  are mainly 
contributed by first amplitude harmonic [168].  Leading-order of the fluid viscous 
behavior classified 4 types of LAOS behavior [170]:  
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 Type I - strain thinning 
Strain thinning is most commonly encountered type of the fluid viscous behavior 
in LAOS tests of the polymer solutions, resins, suspensions and melts. The cause of the 
behavior is related with shear thinning behavior which is observed during steady shear 
flow.  Shear thinning as a rheological property is also mostly dominant in polymer based 
liquid suspensions and it originates from modification of microstructure and orientation 
of the polymer chain structure by the shear rate. The alignment of the polymer chains 
parallel to the flow direction decreases local drag forces in the material. Increase of the 
shear strain increases the accuracy of the flow induced alignment of the structure and also 
decreases the viscosity of the liquid [171]. Examples of flow induced alignment have 
been described in recent studies [172-175]. In Ch. 3 and 4, studies based on fiber 
alignment via strain thinning behavior of polymer suspension under LAOS have been 
demonstrated.  
 Type II - strain hardening 
Type II strain hardening is the opposite of type I stain thinning. During strain 
hardening, complex microstructure and network elements generated by the shearing 
produce stronger interaction between different segments in the fluid which resist to 
progressing shearing strain. Polyvinyl alcohol/borax solution responds to LAOS with 
strain hardening as result of temporary crosslink formed between borate anions and 
hydroxyl groups [176]. The generation of new strain stiffening complex network 
elements needs to be more than the rate of decline for the existing networks in order for 
strain hardening to occur. As the large strain increases, the torque rapidly rises and causes 
the rheological viscous properties to become hard to measure.   
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 Type III - weak strain overshoots 
Type III weak strain overshoots behavior is distinguished by a noticeable local 
maximum in the viscous loss modulus.  Materials with type III behavior are commonly 
referred as “soft glassy materials”. The experimental reason for the overshoot in the 
viscous loss modulus depends on the type of the material.  Some of the suggested causes 
for the behavior are growth of temporary structures effective volume [177],  change of 
flock dimensions in a flocculated polymer suspension [178], and the movement of 
unstable clusters [179]. 
 Type IV - strong strain overshoot 
Type IV material response is observed with a small group of material systems and 
distinctive by exhibiting an overshoot in the elastic storage modulus and the viscous loss 
modulus [177]. This behavior might be associated to the weaker strength of the 
interaction in the molecular level compared to type II and stronger compared to type III. 
This behavior response occurs less frequently than type III. 
2.2 Acoustic Particle Patterning 
Noncontact handling technologies to manipulate and control spatial distribution of 
the small particulates in a fluid suspension based on physical characteristics of particulate 
have become increasingly important. The magnetic field [11, 180], laser radiation 
pressure[181], and  the acoustic field [182-186] have been used for noncontact handling. 
The manipulation of the particles by the acoustic field has been gaining more interest for 
the operations of particle trapping, particle separation, particle alignment, particle 
detection, particle enrichment, fluid mixing and purification [182]. Sorting, screening, 
and manipulation operations for micro and nano particulates have also made it 
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appropriate and advantageous for the acoustic field to be used in biotechnology, additive 
manufacturing, and microfabrication [183]. Low stresses and forces make non-contact 
handling by the use of the acoustic field especially desirable for the handling of sensitive 
and fragile cells compared to contact based handling which includes solid tools capable 
of rupturing the cell. 
Standing acoustic waves, which are formed by designed resonating compartment 
and corresponding tuned frequency of the acoustic wave, are the main objective of the 
acoustic patterning application. With the assumption of isolated and well dispersed 
incompressible sphere particles in the standing acoustic field in inviscid fluid, the force 
applied on the sphere particle has been described by King in 1934 [187]. The theory has 
been further extended with compressible particles by Yosioka and Kawasima, the 
viscosity of the host medium by Doinikov, and the viscous boundary layer correction 
factor by Settnes and Bruus [188] 
The acoustic field has three main effects on the fluid and particles which consist 
of acoustic radiation force, acoustic streaming and acoustic cavitation. Acoustic radiation 
force occurs as a result of scattering caused by the affected obstacles in the medium and 
drives the obstacle toward the pressure nodes or anti-nodes of the acoustic field. Acoustic 
radiation forces are the main forces used for particle manipulation and they are classified 
as the primary and secondary radiation forces. While acoustic radiation force is related 
with scattering effect of particles, acoustic streaming relates to flow of the fluid 
propagated by the presence of a gradient acoustic momentum flux in the medium [184] 
and mainly used for acoustic mixing applications [182]. Acoustic streaming as a fluid 
flow induces a drag force which can overcome the acoustic radiation force and therefore 
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it is undesired and it needs to be suppressed when acoustic trapping is desired. Lastly, 
acoustic cavitation is the phenomenon which gas bubbles in the medium are oscillated 
with the existence of acoustic pressure when intensity is not strong enough to collapse the 
gas bubble and it takes place with 1MHz and lower frequencies. Ultrasonic cleaning and 
cellular sonication are the main applications of the process and ultrasonic cavitation can 
create extra stress or even permanent physical damage to the cells. The frequencies used 
in this study were between 2-10 MHz and therefore acoustic cavitation was not further 
explained in the literature review. 
2.2.1 Acoustic Radiation Forces 
As a result of 2-10MHz acoustic frequency range, acoustic radiation forces and 
acoustic streaming forces are the main categories to review to achieve better acoustic 
trapping and alignment performance. Acoustic radiation forces, which propagated as a 
result of acoustic wave by particulates or obstacles inside of the suspension medium, 
force the particulates to the pressure node where pressure amplitude is minimum or to the 
pressure anti-nodes where pressure amplitude is maximum. This process is based on the 
particulate’s physical properties, such as density and compressibility. These radiation 
forces are categorized as the primary and secondary radiation forces. The primary 
radiation forces are the main manipulation forces for suspended particles, while the 
secondary radiation forces are at smaller orders of magnitudes between very short 
distanced particles. 
2.2.1.1 Primary Radiation Forces 
The primary radiation force can be decomposed into the primary axial radiation 
force which is in the direction of the acoustic propagation and the primary lateral 
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radiation force, packing the objects closer to each other and keeping them in their 
locations (See Fig. 2.6). The primary axial radiation force transports objects to either the 
nodes or the anti-nodes of the acoustic wave and is stronger than the primary lateral 
radiation force. 
 
 a) Primary axial radiation forces  b) Primary lateral radiation forces 
Figure 2-6 Primary radiation forces on particles (a) Primary axial radiation forces are 
perpendicular to the nodal plane and they attract or repel the particles relative to the nodal 
plane of the acoustic wave; (b) Primary lateral radiation forces are parallel to nodal plane 
that trap the objects on the nodal plane. 
 
Primary  radiation  forces are  applied  on  the objects in the medium  by  the  
incident  acoustic  wave. When particle radius is smaller than the wavelength of the 
acoustic wave, the primary radiation force on an individual particle is the gradient of the 
acoustic energy density with the assumption of suspended, spherical, and compressible 
particles in an inviscid fluid [183]. In an acoustic standing wave field, radiation forces are 
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much greater and big enough to carry the particles to distinctive regions of the acoustic 
field. The fluid pressure and velocity can be expressed as; 
𝑝(𝑥, 𝑦, 𝑧, 𝑡) = 𝑝𝑎(𝑦, 𝑧) sin (
2𝜋𝑥
𝜆
) sin(2𝜋𝑓𝑡) (2.8) 
𝑣(𝑥, 𝑦, 𝑧, 𝑡) = 𝑣𝑎(𝑦, 𝑧) cos (
2𝜋𝑥
𝜆
) cos(2𝜋𝑓𝑡) ?̂? (2.9) 
where, pa is fluid pressure, va = pa ρfc⁄  is velocity amplitude, c is the fluid sound speed, 
ρ is the density of the liquid, λ is the wavelength, and f is the frequency of the acoustic 
standing wave. 
The primary acoustic force on a single particle with a radius much smaller than 
the wavelength suspended in an inviscid fluid [186] can be derived as;  
𝐹𝑃𝑅𝐹 = −
2𝜋𝑉𝑝𝐸𝑎𝑐
𝜆
𝜙 sin (
4𝜋𝑥
𝜆
) (2.10)  
𝜙 =
5𝜌𝑝 − 2𝜌𝑓
2𝜌𝑝 + 𝜌𝑓
−
𝛽𝑝
𝛽𝑓
 (2.11)  
where, Vp is the volume of the particle, Eac = pa
2βf 4⁄  is the acoustic energy density, βp 
is compressibility of the particle, βf is compressibility of the liquid, and ρp is the density 
of the particle. The direction of the acoustic primary radiation force is determined by ϕ 
factor in Eq. 2.10 and depends on the density and compressibility of the particles and the 
liquid.  
The Primary lateral radiation force acts on the particles, forcing them on the 
central axis and traps them at the pressure node when the continuous fluidic flow is 
aligned perpendicular to the acoustic standing wave. The Primary lateral radiation force 
can be derived as [189]. 
𝐹𝑃𝐿𝑅𝐹 = 𝑉𝑝∇𝐸𝑎𝑐 [
3(𝜌𝑝 − 𝜌𝑓)
2𝜌𝑝 + 𝜌𝑓
cos2 (
2𝜋𝑥
𝜆
) −
𝛽𝑓 − 𝛽𝑝
𝛽𝑓
sin2 (
2𝜋𝑥
𝜆
)] (2.12)  
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2.2.1.2 Secondary Radiation Forces 
The secondary radiation forces are also called the interparticle forces or Bjerknes 
forces. They are caused by interactions between scattered acoustic field and nearby 
objects. When it is assumed that the object size and the distance between the objects are 
much smaller than the wavelength of the of the standing acoustic field, the equation of 
the secondary radiation forces for two identical spheres can be derived as [190];  
𝐹𝑆𝑅𝐹 = 4𝜋𝑟
6 [
(𝜌𝑝 − 𝜌𝑓)
2
(3 cos2 𝜃 − 1)
6𝜌𝑓𝑑4
𝑣2(𝑥) −
𝜔2𝜌𝑓(𝛽𝑝 − 𝛽𝑓)
2
9𝑑2
𝑝2(𝑥)] (2.13)  
where, r is the radius of the object, d is the distance between the objects, θ is the angle 
between the axis of the acoustic propagation and the centerline of the object. When the 
sign of the force is negative the particles attract each other; if positive, they repel each 
other (See Fig. 2-7).  
 
Figure 2-7 Secondary radiation forces on particles when primary radiation forces 
decrease the particle distances to small values 
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2.2.2 Acoustic streaming 
Acoustic streaming is a fluidic motion induced by the acoustic standing wave in 
addition to the acoustic radiation forces and can be caused by viscous losses at a fluidic 
boundary layer or acoustic absorption in the fluid. It can be observed as large scale fluid 
flow, such as container scale streaming rolls called Eckart streaming, or small scale fluid 
flow, such as wavelength scale vortexes called Rayleigh streaming and viscous boundary 
layer flows called Schlichting streaming [189]. When a standing wave is parallel to the 
surface, the viscous dissipation creates a steady layer vorticity, which is called 
Schlichting streaming, and this streaming generates counter rotating vortices called 
Rayleigh streaming. On the other hand, the origin of large scale fluid streaming, which is 
called Eckart streaming, is attenuation of acoustic energy in the bulk fluid [184, 191]. 
Even though acoustic streaming is useful for fluid mixing and cell lysis, it is 
generally undesired for particle trapping or manipulation because of the ability to drag 
the particles or to disturb the result and therefore it is a limiting factor. Even though it is a 
natural result of acoustic field, it is possible to suppress the effect of acoustic streaming to 
have sufficient particle manipulation. 
For acoustic particle trapping and manipulation, acoustic streaming is commonly 
considered as an undesired effect, because of the drag forces generated by the streaming 
flow.  Drag forces on the spherical particle according to Stokes’ law; 
𝐹𝑑 = 6𝜋µ𝑟𝑝𝑢 (2.14)  
where rp is the radius of the particle, µ is the viscosity of the medium and u the velocity. 
As the drag force is proportional to the radius of the particle, compared to the primary 
radiation force which is proportional to the volume of the particle. It can be understood 
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that primary radiation force will dominate the larger particles while Stokes’ drag force 
disturb and dominate the smaller particles.  
2.2.2.1 Inner and Outer Boundary Layer Acoustic Streaming 
The inner and outer boundary layer acoustic streaming are driven by viscous 
attenuation of an acoustic wave in the solid-fluid boundary layer due to a velocity 
gradient generated by the non-slip condition at the interface. High viscous dissipation of 
acoustic energy caused by the large viscous forces inside the boundary layer generates 
acoustic streaming. This boundary layer can be expressed as a function of the kinematic 
viscosity, v, and the angular frequency of the acoustic field, f [188]; 
𝛿𝑣 = √2𝑣 𝑓⁄  (2.15)  
 
 
Figure 2-8 A system of inner (Schlichting) and the outer (Rayleigh) boundary layer 
acoustic streaming vortices in a channel with a standing wave. 
 
 50 
The acoustic streaming inside this boundary layer is known as inner boundary 
streaming or Schlichting streaming, named after Hermann Schlichting. This inner 
boundary streaming vortices generates counter rotating vortices which is called outer 
boundary streaming or Rayleigh streaming. A schematic of the inner and the outer 
boundary layer acoustic streaming is shown in Fig. 2-8. The streaming is divergent within 
the pressure node x=0 and works against to the lateral radiation force which trap the 
particles in the pressure nodal plane [184].  
According to Wiklund [184], the boundary layer driven inner and outer boundary 
layer acoustic streaming is particularly pronounced under the condition that  
𝜆 ≫ ℎ ≫ 𝛿𝑣 (2.16)  
where, λ is wavelength of acoustic wave, h is length of the chamber, and δv is the viscous 
boundary layer. 
There have been extensive studies in Rayleigh streaming in the field of acoustic 
particle trapping and manipulation, mainly because it counteracts against the primary 
radiation force which manipulate and trap the particles into pressure nodes and creates a 
lower limit for particle size. This lower limit is proportional to 1/√f and decreases as the 
frequency increases. For example manipulation of approximately 1 µm even smaller 
would be possible with 10 MHz frequency [184]. 
2.2.2.2 Eckart streaming 
Eckart streaming is the flow induced by the attenuation of acoustic energy into the 
bulk of a fluid [189]. As the acoustic wave travels through a medium, the amplitude of 
the acoustic wave decreases exponentially due to the absorption by the medium with the 
distance from sound source due to the viscous attenuation. This absorption is proportional 
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with the square of the frequency of the wave and the power density of the transducer. 
This acoustic energy loss generates a momentum flux and a jet flow in the direction of 
the acoustic wave propagation. In a closed chamber, this process would create a fluid 
circulation in the chamber (see Fig. 2-9).  Both traveling waves and standing waves are 
capable of producing Eckart streaming, but bidirectionality of the standing wave 
decreases the Eckart streaming by partially counteracting it [188]. Additionally, Wiklund 
[184] described the Eckart streaming as a product of transducer and emitted beam 
profiles misalignment with the reference to Hertz [192]. 
 
Figure 2-9 Eckart streaming with a backflow which is induced by forward streaming in a 
resonator much larger than the wavelength (L ≫ λ). 
 
2.2.3 Impact of Material Properties 
Acoustic particle and cell manipulation is mainly dependent on frequency and 
pressure amplitude of the acoustic wave, on the volume and shape of the particle, and on 
the material properties of the particle or object. Both the compressibility and the density 
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are the material properties of the particle or cell which determine the acoustic force, 
trapping speed and location. The acoustic contrast factor  ϕ , determines the material 
dependence of the acoustic force, see Eqn. 2.17. 
𝜙 = 𝑓1 +
3
2
𝑓2 =
5𝜌𝑝 − 2𝜌𝑓
2𝜌𝑝 + 𝜌𝑓
−
𝛽𝑝
𝛽𝑓
 
𝑓1 = 1 −
𝛽𝑝
𝛽𝑓
     𝑓2 =
2(𝜌𝑝 − 𝜌𝑓)
2𝜌𝑝 + 𝜌𝑓
 
(2.17)  
The acoustic contrast factor determines the primary acoustic radiation force and is 
a function of compared compressibility and densities of the particle and the medium. The 
impact of this parameter can be understood by comparing the outcome of different 
particle acoustic properties for cases.  
2.2.4 Sound Actuation 
Sound is a propagation of energy as a mechanical wave of pressure and 
displacement caused by the vibration of particles in the transmission medium, such as air 
or water. The particles oscillate back and forth in a small distance which causes a 
longitudinal wave to propagate in the same direction as the vibration of the particles. 
Vibration on a portion of an electroacoustic transducer’s surface produces sound and 
transmits the vibration by affecting the neighboring molecules in the transmission 
medium. The vibrating molecules push against their next neighbors, causing them to also 
vibrate. This process continues and propagates a wave in which the pressures oscillate 
between condensation and rarefaction as it advances further far from the transducer. 
2.2.4.1 Speed of Sound 
The speed of sound c, is the velocity that the sound waves propagate through a 
transmission medium. The speed of sound is a function of the composition of the 
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particular medium, but slightly changes with temperature, stiffness, bulk modulus or 
pressure.  
𝑐 = √(
𝜕𝑝
𝜕𝜌
)
𝑠
= √
𝐾𝑠
𝜌
 (2.18)  
where Ks is coefficient of stiffness in solid and bulk modulus in air or liquid, ρ is density, 
and p is pressure.  
2.2.4.2 Wavelengths of Sound 
The wavelength of sound which is the distance between condensation peaks and is 
a function of both the frequency and the speed of the sound wave; 
𝜆 =
𝑐
𝑓
 (2.19)  
where λ is wavelength and f is frequency.  
2.2.5 Attenuation and Damping 
Attenuation and damping, which are interchangeable terms, are the reduction in 
the magnitude of oscillations as a result of dissipation of energy in the medium. For 
acoustic, attenuation refers to a dimensional amplitude change and damping refers to a 
sequential amplitude change. Another way of describing the attenuation and damping in 
acoustic is using energy dissipation by the quality factor or Q-factor. 
2.2.5.1 Attenuation Coefficient 
With the assumption of complex time harmonic oscillations, the first order 
acoustic wave equations lead to a complex wave number; 
𝑘𝑐 = 𝑘 + 𝑖𝛼𝑠 =
𝜔
𝑐0
√
1 + 𝑖𝜔𝜏𝑠
1 + 𝜔2𝜏𝑠2
 (2.20)  
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For most viscous liquids except highly viscous ones the viscous relaxation time τs 
is of the order of 10
−12 
s [18]; Therefore, ωτs ≪ 1  holds and the spatial attenuation 
coefficient αs can be simplified as; 
𝛼𝑠 ≈
1
2
𝜔
𝑐0
𝜔𝜏𝑠 =
𝜔2
2𝜌0𝑐0
3 (
4
3
𝜇 + 𝜇𝐵) (2.21)  
The solution to the Helmholtz equation for a plane wave traveling in positive x-
direction is [18]; 
𝑝 = ?̂?𝑒𝑖(𝑘𝑐𝑥−𝜔𝑡) = ?̂?𝑒−𝛼𝑠𝑥𝑒𝑖(𝑘𝑥−𝜔𝑡) (2.22)  
Eqn. 2.22 represents an exponential decay in space of the wave. In literature the 
attenuation coefficient is typically given in a logarithmic scale like decibel (dB) and 
normalized by the frequency squared calculated by [18]; 
𝛼𝑠𝑑𝐵 =
10
𝑓2∆𝑥
log10 (
𝐼
𝐼𝑑
) 
(2.23)  
𝛼𝑠 =
ln(10)
20
𝛼𝑠𝑑𝐵 
where ∆x is the attenuation distance and I and Id are the acoustic intensities at reference 
and attenuated state. These equations provide a relation between energy dissipation the 
Navier–Stokes equations and a simplified model with attenuation coefficient αs. This is 
very useful for comparison of damping in boundary layer driven streaming with 
attenuation driven streaming. 
2.2.5.2 Quality Factor and Loss Factor 
The attenuation coefficient αs is independent of any geometrical dimensions. On 
the other hand the Q-factor is mainly used for systems with multiple parts and 
geometrical restraints. Both terms can be linked by using loss factor or dissipation factor 
η [18]; 
 55 
𝜂 =
1
𝑄
= ∑
1
𝑄𝑖
𝑖
 
(2.24)  
𝑄 = 2𝜋
𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑
𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
=
2𝜋
1 − 𝑒−4𝜋
𝛼𝑠
𝑘
≈
𝑘
2𝛼𝑠
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Chapter 3: Printing Ceramic Matrix 
Composite with Controlled 
Orientation 
3.1 Introduction 
Traditional ceramic forming techniques, such as slip casting, shell casting, dry 
pressing; are not capable of producing complex parts with high accuracy without 
expensive molds or fixtures, or time consuming post-sinter machining [193]. Therefore, 
there is a demand and interest for alternative methods to produce complex ceramic pieces 
without the use of expensive tooling. Three dimensional printing (3DP) methods of 
ceramics and ceramic composites can directly produce complex parts from 3D CAD files 
without the use of any tooling. Fused deposition modeling (FDM) [78], selective laser 
sintering (SLS) [194], ceramic jet printing (CJP) [195], and stereolithography (SLA) 
[196] are some of the common 3DP methods which are used for additive manufacturing 
of ceramic and ceramic composite materials. During these processes, 3D complex objects 
are fabricated by rendering each layer according to CAD file and stacking them on each 
other.  
The SLS method involves the use of high power laser beam to bond ceramic 
particles to each other locally [197, 198]. Localized temperature gradient during sintering 
process can generate high internal stresses which might cause lots of defects and micro 
cracks. The FDM, CJP, and SLA ceramic processing methods use a mixture of a ceramic 
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powder and a polymeric binder to fabricate green parts without high energy input. 
Fabricated green part must be sintered to remove polymeric binder and to fuse the 
particles. However, the extrusion of precursor filament is often disturbed by buckling 
failures and powder volume fraction is limited by extrusion pressure at the nozzle for 
FDM and CJP processes [78]. On the other hand, SLA of ceramics utilizes photosensitive 
resin as a binder to produce the green parts without any nozzle and high energy laser 
beam. Without any nozzle and high energy input, internal stresses, buckling failures, and 
extrusion pressure are avoided. 
The use of pure ceramic materials as a structural material has been limited, due to 
its overall low toughness and thermal shock resistance [199, 200]. As a result, additive of 
reinforcement such as whiskers [201, 202], short fibers [203, 204], particles [193, 205], 
and nanotubes [206, 207] into ceramic matrix attracted a lot of research interest with the 
ability to enhance desired properties. These enhancements are influenced by the material, 
dimensions, and orientation of the reinforcement [203, 208]. Therefore, fiber alignment 
can be used to tailor the material properties of 3D printed composite pieces, such as 
mechanical [9] and electrical [209]. The use of shear induced alignment was 
demonstrated during SLA 3DP for reinforced polymer composites (RPC) at our previous 
study [174]. In this work, same approach was utilized for 3DP of ceramic composites. 
Micro scale alumina, silica, and nickel coated carbon fibers (NCCF) were used as 
reinforcement. Respond of reinforcement to patterned wall direction and enhancement of 
flexural strength of the composite material with fiber orientation were discussed. 
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3.2 Materials and Methods 
3.2.1 Slurry Preparation 
The ceramic photocurable resin used in this paper is a mixture of both ceramic 
powders and liquid photocurable resin. Powder part contains silica powder, Feldspar 
powder, Kaolin clay powder and Ball clay powder (all from Axner Co.), and liquid resin 
part is a mixture of Laromer 8765 (BASF Co.), Laromer HDDA (Hexane-1,6-diol 
diacrylate, BASF Co.), and lauryl acrylate (Esstech Inc.). Irgacure 754 (a mixture of Oxy-
phenyl-acetic acid 2-[2-oxo-2-phenyl-acetoxy- ethoxy]\-ethyl ester and Oxy-phenyl-
acetic acid 2-[2-hydroxy-ethoxy]-ethyl ester) and Irgacure 4265 (a mixture of Diphenyl 
(2,4,6-trimethylbenzoyl-phosphine oxide and 2-Hydroxy-2-methyl-1-phenyl- propan-1-
one)) from BASF Co. was used as photoinitiators. 0.2 wt%. Tinopal OB (BASF Co.) is 
used as a UV absorber. 60 wt% of silica content was added within the resin as the 
ceramic filler and mixed with shear mixer for 24 hours to provide homogeneity. During 
the mixing process, the viscosity of the slurry was reduced as result of shear thinning 
behavior of the fluid. After the mixing, if the slurry was not used for 8-10 hours, ceramic 
fillers would settle to the bottom of the slurry as sediment and then slurry would require 
remixing. 
While silica particles were used as the matrix, NCCF, alumina, and silica fibers 
were used as fiber reinforcement for the ceramic matrix composite. Carbon fiber is 
inclined to oxidation at temperature 500 °C and higher, as a result it requires protection 
from atmosphere to preserve its superior properties [210]. Nickel coating was used as the 
protectant in this study. NCCF with 7 µm diameter and 1 mm mean length were obtained 
from Tfpglobal. Alumina and silica fibers with 2.5-3 µm diameter and 2.7-3.2 mm mean 
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length have been obtained from Zircar Ceramics. NCCF were added in UV-curable slurry 
with the ratios of 0.25, 0.5, 0.75, and 1 wt% and ceramic fibers were added with the 
ratios of 2.5, 5, 7.5, and 10 wt% right before 24 hour shear mixing. 
3.2.2 SLA Apparatus and Linear Oscillatory Mechanism 
 
Figure 3-1 System setup of SLA Ceramic 3DP with sliding mechanism. 
 
Production of ceramic samples and fiber alignment rely on an SLA based curing 
system and linear sliding mechanism. As the systems shown in the schematic (See Fig. 3-
1), the SLA curing system consists of a platform, a slurry tank, and a projection unit, 
while linear sliding mechanism consists of a linear stage which is connected to the slurry 
tank. In the projection unit, light is emitted through the optical lenses onto the DMD chip 
to be patterned and reflected towards the projection lens and then refocused onto bottom 
of the slurry tank. Refocused image on the bottom of the slurry tank has the pixel size of 
25 µm. Micro wall patterns are produced to generate shear induced alignment of short 
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fiber reinforcement into the desired orientation [174, 175]. Then linear sliding 
mechanism, which has a resolution of 10 µm, is actuated to generate oscillatory simple 
shear flow in the produced channels between the micro walls. Under simple shear flow 
conditions, wide channels result with skin-core morphology which is observed as the 
fiber alignment in the flow direction around the wall and perpendicular alignment at the 
center [120, 211]. Disappearance of such morphology was documented by the reduction 
of the channel thickness with adequate shear rate. In micro injection molding 
applications, core-free morphology was achieved with channel thicknesses lower than 
200 µm [212-214]. In order to attain similar results, layer thickness of SLA curing system 
was set as 100 µm. Linear oscillation with a 100 µm layer thickness was used to generate 
simple shear flow and to achieve alignment of fibers onto x-y plane. Fabrication of wall 
pattern provides a different flow direction and was used to further align the fibers along 
the channel direction of the wall pattern (See Fig. 3-2). 
 
Figure 3-2 Fiber alignment process: (a) Fiber alignment in a simple shear flow as a 
result of linear oscillation; (b) fiber alignment in a 3d printed wall pattern. 
 
3.2.3 Debinding and Sintering Process of Green Body 
3D printed green bodies were debinded at 315 °C for 1 h with the heating rate of 1 
°C/min and polymeric binder was removed. After the removal of the binder, the samples 
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were heated at 1035 °C with the heating rate of 1.85 °C/min, then at 1250 °C with the 
heating rate of 2.5 °C/min for a continuous sintering process. Finally, the sintering 
process was employed at 1250 °C for 1 h. 
3.2.4 Characterization 
In this study, silica particles were used as matrix of the samples and they were 
reinforced with various fractions of NCCF (0.0, 0.25, 0.5, 0.75, and 1.0 wt%) and short 
ceramic fibers (0.0, 2.5, 5.0, 7.5, and 10.0 wt%). Standard bar shaped samples (2 x 1.5 x 
12 mm) were fabricated by the method previously described. 3-point bending tests were 
performed for flexural strength analyzes by using Ernest Fullam load frame (EFLF) with 
a micro bend fixture at room temperature with a speed of 0.5 mm/minute. Flexural 
strength of the samples was calculated according to equation below: 
𝜎𝐹 = 3𝐹𝐿 2𝑏𝑑
2⁄  (3.1) 
where, σF is the flexural strength, F is the maximum load, L is span length which is 
distance two lower anvils, b is sample width, d is sample depth. 15 samples were tested 
for every fraction and material options. Additionally the microstructure and fracture 
surface were observed by scanning electron microscopy (SEM). 
3.3 Results and Discussion 
3.3.1 Fiber Alignment 
To investigate the influence of wall direction on fiber alignment, ceramic slurry 
was subjected to shear rate profile with maximum shear rate of 250 s−1 (see Fig. 3-3). 
Before the shear alignment, the distance between the platform and slurry tank was set for 
 62 
100 μm and a wall pattern was printed to guide the fibers in the wall direction. Later 
linear oscillator was actuated to generate the time-dependent shear rate. 
 
Figure 3-3 The time dependent-shear rate profile which was used during fiber alignment 
process. 
 
 
Figure 3-4 Microscope images of fiber alignment and dispersion within 3D printed 
green part (scale bars are 500 μm): (a) Microscope image of randomly orientated nickel 
coated carbon fiber; (b) microscope image of aligned nickel coated carbon fiber. 
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Figure 3-5 . Microscope images of fiber orientation distribution along the semicircular 
channel with different wall angles with respect to oscillation direction: (a) 0°; (b) 45°; (c) 
5° right before a quarter curve; (g) Semicircular channel design with location of 
microscope images of (a-f). Red letters with dashed rectangles indicates the location 
microscope images are taken. Red arrows on microscope images show the direction of 
the wall at the local region. 
 
 
Linear oscillation generates simple shear flow and the flow is redirected by the 
walls of pattern to obtain fiber orientation direction different than oscillation direction. 
The direction of the flow in the channel influences the orientation of the short fibers that 
exist in the slurry. Therefore, it can be used to reposition the fibers and stimulate 
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alignment in the different direction of applied external force. Fig. 3-4 shows the 
distribution and alignment of the fibers in the green parts as microscope images. Effect of 
the oscillation is clearly demonstrated to align the fibers. Also, Fig. 3-5 shows the fiber 
orientation in different regions of the semicircular channel pattern. Fig. 3-5(a-f) are the 
microscope images of solidified pattern after linear oscillation. The orientations of the 
fibers were redirected by the wall pattern to align parallel to wall direction. Fig 3-5(b) 
and (e) show that the wall pattern aligns the fibers along the wall direction even when the 
angle between the wall and oscillation direction is about 45°. 
3.3.2 Sintering and Microstructure 
The dimensions of the green parts were reduced after the sintering process.  The 
shrinkage of the parts was around 5-7% in all directions. Such dimensional change 
corresponds with 15-20% total volumetric shrinkage of the sintered parts. Fig. 3-6 shows 
the SEM images of the sintered 3d printed silica and silica composite samples. The 
microstructure of the sintered unreinforced silica sample surface is shown in Fig. 3-6(a), 
while Fig. 3-6(b), (c), and (d) show the microstructure of sintered reinforced silica 
composite sample surfaces. Fig. 3-6(b) demonstrates that fibers in randomly orientated 
samples are not well dispersed. In Fig. 3-6(c) and (d), it can be seen that carbon and 
ceramic fibers were aligned in the direction of the wall with the oscillation in similar 
results to each other. In contrast to randomly aligned samples, aligned fibers were found 
to be well dispersed. However, there was no visible difference for any influence of 
sintering process on the fiber orientation. The reinforced ceramic samples display 
anisotropy in the microstructure as a result of the fiber distribution in X-Y plane. Similar 
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results can be obtained with other ceramic composite fabrication methods which cannot 
be utilized during 3d printing [215-217]. 
 
Figure 3-6 SEM images of sintered 3d printed ceramic and ceramic composite samples: 
(a) SEM image of unreinforced silica sample; (b) SEM image of randomly orientated 
nickel coated carbon fiber reinforced silica composite; (c) SEM image of aligned nickel 
coated carbon fiber reinforced silica composite; (d) SEM image of aligned ceramic fiber 
reinforced silica composite. 
 
3.3.3 Flexural Strength of the Samples 
Fig. 3-7 shows the flexural strength of the 3d printed ceramic composites by 
different weight contents of the carbon and ceramic fibers. The main factors which effect 
on the flexural strength are the sintering temperature and devitrification process of the 
fused silica. The flexural strength of 3d printed silica sample without any reinforcement 
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was obtained as 12.6 MPa. This result is in agreement with some other silica studies [218, 
219]. The flexural strength of silica matrix composite increased with the carbon fiber and 
ceramic fiber content (See Fig. 3-7).  
 
Figure 3-7 The Flexural strength of random and aligned reinforced silica matrix 
composites with different concentrations and materials; (a) Flexural strength values with 
different ceramic fiber reinforcement ; (b) Flexural strength values with nickel coated 
carbon fiber reinforcement.   
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The addition of 10.0 wt% silica fiber reinforcement enhanced the flexural strength 
of the samples by 19.8% to 15.1 MPa, while the addition of 10.0 wt% alumina fiber 
reinforcement improved the flexural strength by 70.7% to 21.5 MPa. The addition of 10.0 
wt% half and half mixture of silica and alumina fiber reinforcement increased the flexural 
strength by 47.6% to 18.6 MPa. On the other hand, 1.0 wt% NCCF reinforcement into 
silica matrix provided 127.8% enhancement of the flexural strength to 28.7 MPa. The 
contribution of alignment on to the flexural strength can be understood by the comparison 
of the aligned and non-aligned samples in Fig. 3-7. The fiber alignment along the length 
of the test samples improved the flexural strength for all reinforcement types. 
Improvements were by 26.2% to 18.4 MPa with 10.0 wt% silica fiber, by 95.2% to 33.5 
MPa with 10.0 wt% alumina fiber, by 78.6% to 28.5 MPa with 10.0 wt% half and half 
mixture of silica and alumina fiber, and by 204.8% to 54.5 MPa with 1.0 wt% carbon 
fiber. These improvements of the flexural strength with increasing fiber alignment and 
fiber concentration for both carbon fibers and ceramic fibers reinforcement were 
expected based on general understanding of composites. 
3.3.4 Morphologies of Fracture Surface 
The fracture morphology of the investigated test samples with NCCF is shown in 
Fig. 3-8 by SEM images of the fractured surface. The failure of fiber reinforced 
composite materials mainly involves matrix failure, the fiber/matrix (F/M) interface 
debinding, fiber failure, fiber pull-out, and delamination. When a crack grows and 
spreads in the matrix, the process can trigger a fiber failure or F/M interface debinding. 
The F/M interface debinding can also result with fiber pull-out [220, 221].  In the case of 
this study of fiber reinforced ceramic composite, the layers of 3d printing process were 
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not visible or detectable on the fracture surface. There was also no evident delamination, 
layering, or any crack propagation between 3d printed layers. The fracture surface 
consisted of both fiber pull-out and fiber failure as shown in Fig. 3-8. However, fiber 
pull-out was more prevalent than fiber failure. Fiber pull-out points out that the F/M 
interfacial bond in the samples were not durable enough to sustain the stresses until fiber 
failure takes place. Improvement of the interfacial bond can further improve the strength 
of the samples. 
 
Figure 3-8 Fracture surfaces of the nickel coated short carbon fiber reinforced ceramic 
composite samples; (a) 180x magnification; (b) 250x magnification. 
 
3.4 Conclusions 
A DLP based SLA device, incorporated with the shear-induced fiber alignment 
apparatus was utilized to fabricate fiber reinforced silica matrix composites. 0.0-1.0 wt% 
NCCF and 0.0-10.0 wt% alumina, silica, half and half mix of alumina and silica were 
used as reinforcements for the silica matrix. The shear-induced fiber alignment as a result 
of oscillation was demonstrated. Additionally, printed wall pattern, such as channels with 
circular path, was shown to reorient the fibers into different directions from the 
oscillation direction. Up to 45° difference between alignment and oscillation direction 
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was successfully achieved during this study. Both ceramic fibers and NCCF responded to 
the alignment process similarly and got aligned along the wall direction.  
The EFLF was employed for the flexural strength analyzes of the samples. The 
flexural strength test specified the expected increase of the strength along the alignment 
direction with the shear induced alignment of the reinforcement. The alignment improved 
the flexural strength further up by 26.2%, 95.2%, 78.6%, and 204.8% with silica, 
alumina, alumina-silica mix, and NCCF with used maximum weight fractions, 
respectively. Both fiber failure and fiber pull-out were existed in the fracture surface, but 
fiber pull-out was the main fracture mechanism.  
In summary, shear induced alignment with oscillation and wall pattern was shown 
to be also viable for ceramic applications of SLA. This method can be utilized for 
production of anisotropic ceramic pieces with different fiber orientation and pattern on 
each layer. 
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Chapter 4: Short Nanofiber Alignment 
in Polymer Composites 
4.1 Introduction 
One dimensional (1D) nanoscale particulates (NPs) such as nanorods, nanofibers, 
and nanotubes have been widely used for medicine [222], electronics [223, 224], and 
photonic applications [225, 226]. NPs are combined with matrix in a controlled 
dimension and percentage to improve various properties, such as mechanical, electrical, 
and thermal properties, thus there is also growing interest in nanocomposites [227-232].  
These improvements are directly related with the material, dimensions, and orientation 
distribution of fibers. Orientation distribution with respect to fiber length and 
concentration is one the most important factors that influences the ultimate strength of a 
fiber-reinforced composite structure. The influence of fiber length, orientation and 
distribution on tensile strength was studied by Fu and Lauke analytically [117, 233]. 
Analysis of Fu and Lauke showed that strength of the composites increases with increase 
in fiber length, interfacial adhesion strength and fiber orientation. Increase in fiber 
orientation was described by the decrease in mean fiber angle relative to direction of the 
force. Along the alignment direction, not only was the strength of material increased but 
also thermal and electrical conductivity of material increased [234]. Therefore, 1D NPs 
have become increasingly attractive for researchers. Different methods of aligning 1D 
nanostructures exist in literature[235], such as electric field induction [140, 141], 
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magnetic field induction [234, 236], chemical surface modification[237], nanoimprint 
lithography[238], flow induced alignment[239].  
3D printing is a manufacturing process of making complex solid objects from a 
digital file in the form of successive layers. The addition of fiber reinforcement into 3d 
printing material was demonstrated successfully to produce reinforced polymer 
composite (RPC) for Fused deposition modelling (FDM) [8, 10], Stereolithography 
(SLA) [11, 12], and inkjet printing [13]. Flow induced alignment is easily achievable for 
FDM and inkjet printing. The FDM and inkjet printing include a nozzle where material 
flows through. Shear generated within the nozzle provides partial alignment of the short 
fibers in the direction of the extrusion [8, 10, 13]. On the other hand, alignment of the 
short fibers during SLA 3d printing was demonstrated by magnetic and acoustic fields 
[11, 12]. However alignment by electric or magnetic fields limit the material of 
reinforcement because they require particles with specific electrical and magnetic 
properties. Acoustic field is a useful method to distribute and pattern particles towards 
pressure nodes or anti-nodes in the matrix medium [12].  Although acoustic field 
manipulates the particles to form distinctive long parallel strand of lines, the individual 
fibers have a degree of misalignment which increases with higher particle volume 
fractions [21].  
In this chapter, we demonstrated that shear induced alignment can be used instead 
of magnetic and acoustic alignment to have better distribution and orientation of fibers 
without material constraints. We developed a new method to use flow induced alignment 
during Digital Light Processing (DLP) based SLA 3D printing. Linear oscillatory 
actuation mechanism (LOAM) was combined with SLA device to generate Couette flow 
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which was used for alignment. Aluminum oxide nanofibers (AONWs) were treated with 
silane coupling agent and were used as an additive to enhance interfacial bond between 
NPs and matrix material. The printed wall pattern was also accompanied with LOAM to 
provide additional alignment of the nanofibers. Our method of using shear induced 
alignment provides a simple and cheap method for alignment of 1D NPs during SLA 3D 
printing.  
4.2 Materials and Methods 
4.2.1 Materials 
Acrylate based photocurable polymer purchased from Madesolid was used as a 
matrix for nanofiber reinforced polymer composite (NFRPC). The density and the 
viscosity of the resin were provided by the supplier as 1.12 g cm3⁄  and 361 cP at 20°C. 
AONWs with 2-6 nm diameter and 200-400 nm length were purchased from Sigma-
Aldrich and were used as the reinforcement of the composite. AONWs and photocurable 
polymer are two dissimilar materials and a coupling reaction is necessary to provide a 
chemical bond between them. In order to couple the matrix and nanowires, 3-
(Trimethoxysilyl)propyl methacrylate (TMSPMA) purchased from Sigma-Aldrich was 
used as a coupling agent.  
Aluminum oxide is a widely used metal oxide of great importance in the industry 
due to its high strength, chemical stability, electrical and thermal insulation, and 
corrosion resistance. AONWs also attracts attention in the research field for some 
experimental and commercial composite application with high performance [240]. The 
addition of nanowires is intended to improve the mechanical, thermal, or chemical 
properties compared to the neat matrix. These enhancements are significantly affected by 
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introduction of surface coupling for better interfacial adhesion. Aluminum oxide is 
cheaper than other alternative options and can be functionalized to improve interfacial 
interaction between aluminum oxide and polymer [228, 241]. 
To introduce coupling agent onto the surface of AONWs, TMSPMA was 
dissolved in 95% ethanol – 5% water solution with acetic acid to lower pH to 4.5-5.5. 
The amount of silane, which was added to solution, was calculated according to Eqn. 4.1 
[242]:  
𝑋 =
𝐴𝑠𝑠𝑚𝑛𝑤
𝜔
 (4.1) 
where, X is the amount of silane, mnw is the amount of nanowires, Ass is specific surface 
area of nanowires, and  ω is the specific wetting surface of silane. In this study, the 
specific wetting surface of silane was ω = 315 m2 g⁄  and the specific surface area of 
nanowires was Ass > 360 m
2 g⁄ . As a result, the minimum necessary amount of silane to 
treat 1 g of nanowire powder was calculated as 1.14 g. AONWs was initially dehydrated 
at 60°C for 24 hours and was silanated in the solution by stirring for 5 minutes at room 
temperature. Then the mixture was separated by decanting the solution. The nanowires 
were rinsed twice with acetone and silane layer was post cured for 2 hours at 60°C [241]. 
Photocurable resin combined with untreated and treated nanowires in the ratios of 1, 2, 3, 
4, and 5 wt% were used for the control and test specimens. Possible existing bubbles in 
the suspension were removed by vacuum degassing. Additionally ultrasonic cavitation 
was used for better dispersion of the nanowires into photocurable resin.  
4.2.2 Design Setup 
Fig. 4-1 shows the designed DLP based SLA desktop 3D printer.  A simple lateral 
harmonic motion mechanism was also incorporated to generate the Couette flow.  To 
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manipulate the orientation of the nanofibers, we first fabricated patterns of micro 
channels specifically designed to align the fibers in the desired direction. Then we used 
linear harmonic oscillation to align the fibers. It was observed that nanowires with 2-6 
nm diameter and 200-400 nm length were responding to the alignment process. The 
designed 3D printer can manufacture complex structure with minimum feature size of 50 
μm.  
 
 
 
Figure 4-1 DLP based SLA desktop 3D printer and incorporated linear harmonic 
oscillator mechanism. (a) 3D demonstration of the system consists of linear oscillation 
mechanism, platform, resin tank, and DLP projector. (b) Photo of 3D printer during linear 
oscillation process 
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DLP based SLA desktop 3D printer consists of a linear sliding mechanism 
oscillating with Uo sin(ωt), a resin tank with the dimensions of 140 × 190 × 36 mm
3, 
DLP projector and a platform with the surface dimensions of 130 × 165 mm2. A linear 
slide is connected to a cam mechanism which is driven by a stepper motor. A schematic 
demonstration of oscillatory Couette flow generated by the system is shown in Fig. 4-1a. 
4.2.3 Fiber Alignment 
 
 
Figure 4-2 Three dimensional and optical images of wall pattern for test specimen 
fabrication; the width of the walls is 250 μm, the distance between walls is 1.75 mm, and 
the height of the wall is 200 μm 
 
Fiber motion and orientation in a simple shear flow has been studied extensively 
in literature [120, 147, 243-246]. Without a solid boundary, a single fiber in the simple 
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shear flow will tend to align in the shear direction with periodic rotations. Such periodic 
tumbling motion in simple shear flow was described by Jeffery’s orbit [147] and was 
validated for diluted suspensions [243, 244]. The characteristics of fiber motion are 
affected by the existence of a solid boundary. When fibers are near a solid wall, they 
align better and faster than what Jeffery’s equation predicts [120, 245, 246]. In addition, 
if aspect ratio of fibers increases, they cannot be considered as rigid rod. This creates a 
sudden decrease in the period of the motion. General behavior of a flexible fiber in a 
shear flow was demonstrated by Arlov, Forgacs & Mason [246]. 
In a simple shear flow, channel width and thickness affect the alignment 
significantly. In wide channels, while fibers align in the flow direction near the walls, 
they orient perpendicular to the flow at the center of the channel [120, 211]. The region in 
the center of the channel is called core layer. The regions near the walls are called skin 
layers. If the channel is thin enough, the core layer will disappear and fibers will perfectly 
align in the flow direction. In similar studies for micro injection molding, skin-core 
morphology was still visible in the range of 300-500 μm [212, 247, 248].  As the 
thickness goes below 200 μm, it resulted with core-free morphology [212-214]. 
Thickness is not the only factor which effects fiber alignment. Without sufficient shear 
rate, even the thicknesses down to 100 μm cannot provide core-free morphology [249, 
250]. In our device, we set the thickness between platform and resin tank as 200 μm. We 
studied different velocity and frequency settings to find optimal shear rate and frequency 
values for sufficient alignment. The result of experimental study for influence of shear 
rate on fiber orientation tensor is shown in Figure 4-4a. Figure 4-4b illustrates time 
dependent shear rate profile at a maximum shear rate of (γmax)  314 s
−1 and frequency 
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(ω) of 1 Hz which used for ultimate strength tests. We also proposed the use of printed 
wall patterns to manipulate the local flow of resin which is driven by oscillation. While 
the oscillation creates simple flow which provides alignment on x-y plane, the printed 
wall pattern provides additional alignment along channel direction. The wall pattern is 
designed parallel to the oscillation direction to align fibers in same direction as shown in 
Fig. 4-2. 
4.2.4 Fabrication of Test Specimens and Mechanical Testing 
 
 
Figure 4-3 Flow chart of the fabrication process 
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Fig. 4-3 shows the diagram of the fabrication steps for test specimens. First, 
TMSPMA was applied on the surface of the AONWs as described in Section 4.2.1. Then, 
treated nanowires were mixed with photocurable resin with 1, 2, 3, 4, 5 wt% fraction 
ratios. Prepared suspensions were placed in the resin tank to fabricate test specimens. The 
distance between platform and the resin tank was set for the layer thickness. The layer 
thickness was 200 µm for these test specimens. The wall pattern shown in Fig. 4-2 was 
printed to guide the fibers in the oscillation direction for fabrication of the layers with 
aligned fibers. Lateral linear oscillator was turned on to align the fibers. Time-dependent 
maximum shear rate of 314 s−1  was generated by lateral oscillation mechanism for 1000 
cycles (Fig. 4-4). After that the resin was exposed to the projected image from the DLP 
projector and was cured. The last three processes, consisting of the wall pattern 
fabrication, alignment by oscillation, and finishing the layer by curing, were repeated for 
every layer. Following the removal of the specimens from platform, they were post-cured 
further and ready for mechanical testing.  The fabrication steps for randomly oriented 
specimens do not include printing the wall pattern and linear oscillation which were only 
necessary to align the fibers.  
Uniaxial tensile tests were performed at room temperature (20–25ºC) with 
constant 1 mm/min displacement rate. Nominal strain rate was 0.1 mm/mm·min at start 
of the test. All data was collected as an average of 5 independent printed specimens. The 
shape and dimensions of specimens are illustrated in Fig. 4-5. All specimens were printed 
with 0.2 mm layer thickness and total of 20 layers 
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Figure 4-4 Demonstration of shear rate profile and influence of maximum shear rate and 
frequency on fiber orientation tensor. (a) The influence of maximum shear rate γmax, on 
orientation tensor at frequency of  f = 1Hz and 5wt% AONWs loading,  (b) The time 
dependent- shear rate profile which was used in ultimate strength tests,  
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Figure 4-5 Geometry of the tensile test specimens; dimensions are in millimeters 
4.3 Results and Discussion 
 
Figure 4-6 Tensile stress-strain curves of the surface treated aligned AONW reinforced 
nanocomposites.  
 
Tensile stresses-strain curves of nanocomposites are plotted out in Fig. 4-6. This 
includes unreinforced photocurable resin for comparison and it shows that tensile 
strength of the specimen increases with the increasing nanofiber content.  
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The tensile properties of the aligned and randomly orientated nanocomposites are 
plotted in Fig. 4-7. Fig. 4-7(a) shows that the addition of reinforcement gradually 
decreases the tensile strength without surface treatment as it was expected. Significantly 
larger surface areas of the nanowires compared to similar masses of larger scale particles 
causes greater aggregation of NPs. It was observed that the use of surface coupling agent 
improves interfacial interaction between AONWs and polymer matrix. Subsequently it 
enhances the tensile strength and elastic modulus when the reinforcement has a higher 
stiffness than the matrix (as shown in Fig. 4-7(a)). With the use of the surface coupling 
agent, 5 wt% randomly orientated AONW reinforcement (1.5 % volume fraction) 
provides 15% improvements in tensile strength and 20% improvement in elastic modulus 
of the nanocomposite. The comparison between randomly orientated sample with 5wt% 
and the specimen with 5wt% align AONWs clearly shows the effect of orientation 
distribution on ultimate strength of NFRPC. The alignment of fibers provides additional 
13% improvement to the elastic modulus and ultimate strength of NFRPC in the 
alignment direction (as shown in Fig. 4-7(a) and (b)). This enhancement of ultimate 
strength with the increase in fiber orientation is in line with general knowledge of 
composite materials.  5 wt% aligned AONWs in nanocomposite with surface treatment 
enhances tensile strength 28% and elastic modulus by 34%.    
The dispersion and alignment of AONWs in the polymer matrix are illustrated in 
Fig. 4-8 as transmission electron microscopy (TEM) and in Fig. 4-9 as scanning electron 
microscopy (SEM) images. Fig. 4-8a,b,c,d,e,f show the TEM images illustrating 
dispersion and alignment of the samples which were also used for the orientation 
distribution analysis. The AONWs were evidently shown to change from random 
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orientation to being aligned along the shear direction. However, there was no visible 
difference in the fiber orientation distribution between aligned 1, 2, 3, 4, 5 wt% fraction 
ratio specimens. Analysis does not provide any evidence for influence of nanowires 
loading on the orientation distribution. 
 
Figure 4-7 Tensile strength and elastic modulus of random and aligned AONW 
reinforced composites with different concentrations; (a) Tensile strength, (b) Elastic 
modulus.  
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Figure 4-8 TEM images of nanowire alignment and dispersion within printed 
components (Scale bars are 1 µm); (a)TEM image of  randomly orientated AONWs, 
(b)TEM image of aligned AONWs with 5wt% reinforcement, (c) TEM image of aligned 
AONWs with 4wt% reinforcement, (d) TEM image of aligned AONWs with 3wt% 
reinforcement, (e) TEM image of aligned AONWs with 2wt% reinforcement, (f) TEM 
image of aligned AONWs with 1wt% reinforcement..  
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Figure 4-9 SEM images of nanowire alignment within printed components (Scale bars 
are 50 nm); (a) SEM image of randomly orientated AONWs, (b) SEM image of aligned 
AONWs with 5wt% reinforcement.  
 
4.4 Conclusions 
Shear-induced fiber alignment technique was used to fabricate AONW reinforced 
polymer composite. DLP based stereolithography desktop 3D printer, incorporated with 
lateral linear oscillation mechanism, was designed and built to demonstrate this 
technique. Polymer nanocomposite specimens, containing 1–5wt% of AONWs, were 
prepared with silane surface coupling agent to enhance interfacial interaction between 
nanofibers and matrix. The oscillation mechanism combined with printed wall pattern 
was used to generate shear induced unidirectional alignment in test specimens. Tensile 
tests showed that Young’s modulus and the tensile strength enhances with the increase in 
nanowire concentration and alignment of the nanowires. Only with 5wt% (1.5% by 
volume) nanofiber, composite showed a 28% improvement in strength achieved through 
the alignment of the nanowires. Further improvement can be expected to be achieved by 
increasing the volume fraction of the nanofibers. Alignment of the fibers can be achieved 
in any direction on x-y plane by changing the wall pattern.  
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Comparisons between different shear rates, frequencies, AONWs loading were 
performed and their influence on orientation distribution of AONWs and ultimate 
strength investigated. The TEM images seen in Figure 4-8 show that AONWs were well 
dispersed in polymer matrix and were aligned in the desired direction with this shear 
approach. Shear rates were illustrated to have significant influence in AONWs orientation 
(Figure 4-4a) while frequency and AONWs loading has almost no visible effect on 
orientation.   
In summary, this novel research demonstrates a method for nanofiber alignment 
during rapid prototyping. This method has potential for the production of tailored 
anisotropy in fiber reinforced nanocomposites. It might also be used in applications such 
as high strength, electronic, photonic, and flexible metamaterials.  
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Chapter 5: Acoustic Patterning for 3D 
Embedded Electrically Conductive 
Wire during Stereolithography 
5.1 Introduction 
3D printing or additive manufacturing (AM) technology is a process of 
manufacturing complex three dimensional (3D) structures from a digital file with various 
materials. Models, which are stored as digital CAD files, allow easy customizations and 
adjustments. Software uses cross-sections of a digital file to generate layers with finite 
thickness and additional layers are deposited to build the object one layer at a time [5, 
24]. Recently, AM has advanced to be more affordable, very useful and widespread in 
manufacturing finished products. Therefore, the research attention has shifted on more 
sophisticated products and systems, with applications across varied industries such as, 
medical [4], electronics [5-7], and composites [8, 9].   
Fuse deposition modeling (FDM) method is becoming fairly popular as a result of 
its low cost and reliability compared to the other approaches. However, its material 
constraints to deposit, relatively poor resolution and mechanical properties of the finished 
products limit the suitability of the method for practices especially for high strength 
applications [251]. Additive of nano- or microscale reinforcement of fiber or particles 
into the extruded material enhances the performance of the finished product and can 
deliver extra functions, such as electrical conductivity [5-8, 10]. FDM is a slower process 
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compared to stereolithography (SLA) and does not provide desired surface finish. Inkjet 
printing, which is a relatively young adaptation of AM, can provide better speed and 
surface finish. However, existence of particles increases the probability of clogging in the 
extruding or inkjet heads, which are already prone to clogging. Therefore, alternative 
options for spatial control of fiber or particulate positions can address some issues of 
existing methods.  
A variety of methods for particle manipulation and patterning in suspension have 
been used in recent years. Particle manipulation and fiber alignment have been 
demonstrated with flow-induced alignment [8], magnetic alignment [11], 
dielectrophoresis [17], and acoustic field [12]. The use of flow-induced alignment 
requires a flow through nozzle which is prone to clogging [252], while magnetic 
alignment and dielectrophoresis require particles to have necessary magnetic or electric 
properties to be aligned. On the other hand acoustic alignment provides better control 
over the distribution and orientation of particulates without too many material and 
engineering limitations. In this study, a method is introduced to use acoustic alignment of 
nanoparticles to produce 3d printed parts with embedded conductive micro structures. 
Acoustic forces have been used to generate micro scale structures during SLA 3d printing 
by Llewellyn-Jones et. al [12]. They used a modified top down laser based SLA printer to 
produce 1mm thick single layer composite samples in order to investigate improvement 
in strength.  In contrast to their study, a bottom up Digital Light Processing (DLP) based 
SLA printer was developed to produce multiple layered pieces with embedded 
conductive microstructures. A hexagon shaped acoustic tweezer was designed to spatially 
position and manipulate the particles. The conductivity of microstructures was 
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investigated for different particle materials and a method of curing partial regions of 
aligned pattern was applied to generate embedded, multilayered, complex conductive 
microstructures. 
5.2 Method and Experimental Setup 
5.2.1 Design concept 
The DLP based SLA 3d printer which consists of DLP projector, optical system, 
platform, and acoustic tweezer (see Fig. 1a) was designed and manufactured. The DLP 
based projector was used as the source of light to cure photocurable resin inside the 
acoustic tweezer. The optical system reduced the size of projected image and pixel size. 
The reduced pixel size, which corresponds with SLA resolution, was set to 20μm. The 
platform is connected to a linear stage. The linear stage has 2.5 μm minimum step length 
and was used to set layer thickness. The 3d printer was incorporated with the hexagon 
shaped acoustic tweezer to align micro- or nano- particulates and generates 
microstructures. A hexagon shaped acoustic tweezer, which is shown in Fig. 1b, was 
made by assembly of glass pieces. The width which refers the distance between parallel 
sides of the inner cavity was design to be 50mm. The six piezo plate actuators (Steiner & 
Martins Inc.) were placed in the inner walls of the tweezer. The signal was generated by 
arbitrary waveform generator (HP Agilent 33250A) and then amplified to actuate piezo 
plates. The signal was generated at resonant frequency of f = 2.33 MHz  with the 
amplitude of Vpp = 100V. Actuated piezo plates created bulk acoustic waves (BAWs) in 
the media to align the particulates in desired microstructure. The photocurable resin with 
low viscosity was chosen as a media for less acoustic attenuation. The specified actuation 
signal corresponds with 600 µm wavelength in the resin. 
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Figure 5-1 Setup of DLP based SLA 3D printer incorporated with the hexagon shaped 
acoustic tweezer; (a) 3d schematic of 3d printer setup, (b) the hexagon acoustic tweezer 
with placed piezo plate actuators.  
 
5.2.2 Acoustic Alignment 
In the acoustic tweezer, two opposite corresponding piezo plates were actuated to 
create a standing BAW. In a standing BAW, the acoustic radiation forces are maximized 
and these forces drive the particles to the closest node or anti-node of the standing BAW. 
This action is mainly depended on the location, size, compressibility, and density of the 
particles. The primary acoustic radiation force on a single particle with a radius much 
smaller than the wavelength suspended in an inviscid fluid can be derived as [186];  
𝐹𝑃𝑅𝐹 = −
2𝜋𝑉𝑝𝐸𝑎𝑐
𝜆
𝜙 𝑠𝑖𝑛 (
4𝜋𝑥
𝜆
) (5.1) 
𝜙 =
5𝜌𝑝 − 2𝜌𝑓
2𝜌𝑝 + 𝜌𝑓
−
𝛽𝑝
𝛽𝑓
 (5.2) 
𝐸𝑎𝑐 =
𝑝𝑎
2𝛽𝑓
4
 (5.3) 
where, Vp is the volume of the particle, Eac is the acoustic energy density, ϕ is contrast 
factor, pa is acoustic pressure, λ is the wavelength, βp is compressibility of the particle, 
βf is compressibility of the liquid, ρp is the density of the particle, and ρf is the density of 
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the fluid. When acoustic contrast factor ϕ is positive, the particles are driven towards the 
node and this is the case for every material chosen in this study. 
 
Figure 5-2 Schematic of particle alignment in an acoustic field with only acoustic force 
and with acoustic force and gravity.  
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In the designed acoustic tweezer, the particulates are mainly subjected to primary 
radiation force and gravity. The use of low viscosity resin reduces the undesired drag 
force which works against the primary radiation force. Fig. 5-2 shows a schematic 
demonstration of one dimensional (1D) acoustic alignment only with acoustic force and 
together with gravity. As it is demonstrated, the particles are accumulated at the bottom 
as a line along the nodal planes of the acoustic field and continuous lines equally spaced 
by 𝜆/2 is produced.  
5.2.3 Fabrication of Specimens 
Magnetite nanoparticles (from Alpha Chemicals) with outer diameter (OD) of 
300nm, copper nanoparticles (from US-nano) with OD of 300 nm, and carbon nanofibers 
(from US-nano) with OD of 200-600 nm and length of 5-50 μm were used as 
reinforcement and the source of the conductivity. Nanoparticles and nanofibers were 
added into low viscosity photocurable resin with different weight fractions ranging from 
0.0-9.0wt% to produce suspension for the process.  Fig. 5-3 shows the diagram of the 3D 
printing process for the fabrication. First, the prepared suspension was filled in the 
acoustic tweezer. Then particles were mechanically dispersed inside the container and 
aligned in the preferred direction by actuating the piezo plates. After the alignment, the 
necessary parts of the pattern were solidified by light projection from DLP projector. 
After that, particles were mechanically dispersed and remaining parts of the layer were 
solidified without any alignment. The same steps were repeated for every layer. Finally, 
the printed piece was removed from the platform and post-cured. The post curing process 
was performed 30 mm beneath a UV lamp inside a UV light oven. The fabricated pieces 
were placed under the lamp and were cured for 60 minutes. 
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Figure 5-3 Flow diagram of the 3D printing process      
5.3 Results  
 
Figure 5-4 Different unidirectional pattern combinations used and their schematic 
acoustic tweezer setting demonstrations ; (a) horizontal, (b) acoustic tweezer setting for 
horizontal alignment, (c) 60º, (d) acoustic tweezer setting for 60º alignment, (e) 120º, (f)  
acoustic tweezer setting for 120º alignment. 
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At first, the fabrication method was used to produce 1D patterning of continuous 
lines in one layer samples with dimensions of 10 x 10 x 0.5 mm. The samples were 
produced with different weight fractions of carbon nanofiber, copper and magnetite 
nanoparticle reinforcements to measure conductivity of the produced patterns. Three 
different opposed piezo plate pair options were used for horizontal, 60º, and 120º 
alignments of line patterns (see Fig. 5-4). Conductivity on x-y plane was provided by 
those individual patterned lines. 
 
 
 
Figure 5-5 Images of patterned unidirectional conductive lines: (a) Unidirectionally 
patterned magnetite sample with dimensions of 10 x 10 x 0.5 mm; Images of (b) 
Magnetite, (c) carbon nanofiber, (d) copper reinforcements which aligned into 
unidirectional lines under microscope (bars: 500 µm). In each sample, lines of the pattern 
have an average distance of 300 μm at the operating frequency of 2.33 MHz.    
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Figure 5-6 Resistivity of patterned and unpatterned samples  as a function of 
nanoparticle weight concentration in the acoustic tweezer; (a) resistivity as a function of 
carbon nanofiber concentration, (b) resistivity as a function of copper nanoparticle 
concentration (c) resistivity as a function of magnetite nanoparticle concentration 
 
Acoustic field with 2.33 MHz frequency and ~1400 m/s speed of sound in the 
photocurable media corresponds with ~600 µm wavelength. Therefore, nodal planes of 
the field equally spaced by 𝜆 /2≈300µm. This value corresponds with average ~300 µm 
distance between lines of the pattern shown in Fig. 5-5. By acoustic focusing, particles 
were accumulated at the nodal planes to shape conductive lines. This results with 
transparency on the other parts of the layer. Samples with conductive line patterns were 
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used to evaluate the resistivity of patterns based on material and percentages of 
nanoparticulates. Figure 5-5 shows microscope images of patterned unidirectional 
conductive lines. While Fig. 5-5a shows the sample with aligned magnetite nanoparticles, 
Fig. 5-5b, c, and d show the microscope images of unidirectionally patterned reinforced 
magnetite, carbon nanofiber, and copper nanoparticles, respectively.  
The resistivity of carbon fiber changes from 12 µΩ.cm to 104 µΩ.cm based on 
manufacturing method and temperature, while the resistivity of copper is 1.6 µΩ.cm in its 
bulk form. Those good electrical properties were used to fabricate embedded conductive 
wires during SLA 3d printing. The change of electrical resistivity of the photocurable 
resin after the addition of nanoparticles with and without acoustic focusing was 
investigated. Results for resistivity of the patterned lines and unpatterned samples are 
demonstrated in Fig. 5-6. During the fabrication of unpatterned samples, acoustic 
patterning was not used and particles were not allowed to settle to the bottom before 
curing. Filler content of the particulates refers to the percentages of reinforcement in the 
acoustic tweezer before acoustic alignment. Resistivity of the sample without any 
additive was 2.5 × 1014  Ω.cm and it decreased to 3.6 × 1012  Ω.cm, 3.5 × 1013  Ω.cm, 
and 2.28 × 1014 Ω.cm with 9wt% copper nanoparticles, 1.75wt% carbon nanofiber,   and 
5.5wt% magnetite nanoparticles, respectively. Due to very low concentration of particles, 
the addition of particles has very limited effect on conductivity without acoustic focusing. 
On the other hand, the resistivity of patterned samples are 13-15 orders of magnitudes 
lower than the resistivity of unpatterned sample as a result of acoustic focusing. 
Resistivity of the samples with acoustic patterning decreased to 16.3  µΩ.cm, 349.6 
µΩ.cm, and 14340 µΩ.cm with 9wt% copper nanoparticles, 1.75wt% carbon nanofiber, 
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and 5.5wt% magnetite nanoparticles, respectively. This substantial change was achieved 
by the accumulation of nanoparticles at nodal planes of acoustic field and later by 
allowing particles to settle out of the resin with gravity. Similar results were achieved 
based on fit-to-flow method and inkjet printing with silver nanoparticles [253, 254]. 
However similar studies with FDM based conductive material fabrication has lower 
particle concentration to prevent clogging of the nozzle. Low concentration of particles 
results with higher resistivity values around 1-10 Ω.cm [5, 74]. 
 
 
Figure 5-7 Effects of particle weight percentage on pattern height and shape; (a) relation 
between particle concentration and generated pattern height for different nano particles, 
(b) cross section of aligned pattern with 50 µm height in 200 µm layer (scale bar: 50 µm), 
(c) cross section of aligned pattern with 100 µm height in 200 µm layer (scale bar: 50 
µm), (d) Cross-section of aligned pattern with 100 µm thickness, pattern is conductive in 
z direction (scale bar: 100 µm). 
 
While electrical conductivity on x-y plane was obtained by acoustic alignment, 
electrical conductivity on z direction was obtained by overlapping patterned layers. The 
height of the pattern depends on the particle concentration. Sufficient particle 
concentration was used to obtain pattern height same with the layer thickness to overlap 
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the interlayer microstructures. Fig. 5-7a shows the relation between particle weight 
concentration in acoustic tweezer and the pattern height for different particle materials. 
Fig. 5-7b and c show the pattern cross-section with 50 µm and 100 µm height in 200 µm 
cured layer, with 0.65wt% and 2wt% magnetite nanoparticles. Unfortunately, those 
patterns cannot conduct electricity towards the next layer. In order to achieve that goal, 
we reduced the layer thickness to 100 µm and repeat the process with 4wt% copper 
nanoparticles. The result shown in Fig 5-7d has 100 µm layer thickness.   
 
 
 
Figure 5-8 Embedded zig-zag stitch pattern. (a) The pattern consists of 8 layers to 
produce 2 separate conductive wires in complex 3D freeform (scale bar: 1 mm), (b) 3D 
illustration of the zig-zag stitch pattern. The wires are 100 µm thick in average. Layer 1, 
8 are 200 µm and Layer 2-7 are 100 µm thick. 
 98 
 
 
Figure 5-9 Conductivity of embedded zig-zag stitch pattern; (a) cross-sectional cut of 
printed piece to demonstrate interlayer microstructure contact (scale bar: 100 µm), (b) 
SEM image of cross-sectional cut of printed piece, (c) demonstration of conductivity in a 
simple LED circuit, (d) High resolution SEM image of copper nanoparticles in the 
conductive pattern.   
 
The SLA printing of 3D embedded conductive structure with acoustic alignment 
is based on stacking layers which consists of aligned and nonaligned parts. By designing 
the projected images for each layer, contacts between patterns of different layers were 
provided. An embedded zig-zag stitch wire pattern is demonstrated in Fig. 5-8(a) as an 
example of a complex 3D structure and 3D illustration of the same structure is shown in 
Fig. 5-8(b). The zig-zag stitch pattern is consisting of two 100 µm thick conductive wires 
and it was fabricated with 8 layers which are also shown in Fig. 8. Contact between 
interlayer patterns, shown through optical and SEM images of a cross-sectional cut in 
Fig. 5-9(a,b), is found to be the source of the conductivity in z direction. The conductivity 
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provided by microstructure and interlayer contact is demonstrated with basic LED circuit 
in Fig. 5-9(c). Acoustic alignment provides high concentration of the particles at the 
nodal planes of the acoustic field. A high concentration results with direct contact 
between particles; therefore the conductivity of the pattern is produced. High 
concentration and direct contact of the nanoparticles are demonstrated in Fig. 5-9(d) with 
high resolution SEM image.   
 
 
 
Figure 5-10 Embedded electromagnetic coil pattern. (a) The pattern consists of 12 
layers to produce a wire coil surrounding magnetic core cavity (scale bar: 1 mm). (b) 3D 
illustration of the electromagnet pattern. The wire is 100 µm thick in average. The coil 
can be produced longer by repeating layers 2-8 until desired length. 
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The developed method is capable of producing embedded electronic component 
such as; electromagnetic coil, resistor, or strain sensor. An electromagnetic coil fabricated 
through the developed method is demonstrated in Fig. 5-10. A 100 µm thick wire is 
produced with 12 layers and wrapped around a core cavity. The core cavity is left empty 
for future assembly of a magnetic core. Total height of the piece is around 1.2 mm and it 
consists of 12 layers with 100 µm thickness. Similar patterns can also serve as a resistor, 
but the pattern needs to be designed carefully to minimize undesired inductance.   
5.4 Conclusions 
A new approach to fabricate embedded conductive wires and electronic 
components based on acoustic alignment of conductive nanoparticles was illustrated. 
DLP based SLA 3d printer with hexagon shaped acoustic tweezer was used for this 
approach. First, hexagon shaped acoustic tweezer was demonstrated to effectively align 
the particles into horizontal, 60º, and 120º patterns. Then, produced anisotropically 
conductive and transparent patterns were tested for electrical resistivity based on particle 
materials and filler contents.  
Results show that patterned copper particles exhibits less electrical resistivity 
compared with carbon nanofiber and magnetite particles. Magnetite nanoparticles show 
~1000 times higher electrical resistivity compared with copper nanoparticles. Despite the 
higher electrical resistivity, magnetite nanoparticles can still be important material for 
patterning magnetic microstructures. The relation between particle concentration and 
pattern height was also demonstrated due to its importance for the conductivity on z 
direction. Finally, zig-zag stitch pattern as a complex 3D form and electromagnetic coil 
pattern as an embedded electronic component were presented as examples of the 
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developed method. Conductive structures of those examples were produced with 100 µm 
thickness. 
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Chapter 6: Conclusion and Future 
Works 
6.1 Conclusion 
In this dissertation, additive manufacturing, short fiber alignment, and acoustic 
manipulation have been reviewed. The main focus of this dissertation was enhancement 
of material properties, such as tensile strength, flexural strength, and electrical 
conductivity, during stereolithoraphy. Patterning of electrically conductive particles by 
acoustic manipulation and shear induced alignment of short fibers by using lateral 
oscillation mechanism inspired by large amplitude oscillatory shear have been studied.  
In an effort to enhance material properties and to provide functionality to the 
fabricated pieces, lateral oscillation mechanism and acoustic tweezer were employed and 
explored during stereolithography. Flow charts of the proposed new approaches for 
stereolithography method were produced to describe the processes. After reviewing 
additive manufacturing methods, stereolithography was recognized to require new 
techniques to align short fibers with less material restrictions. Shear induced alignment 
and acoustic patterning were selected to employ because of their unique advantages to 
fabricate functional composite materials.  
The biggest obstacle for the application of the shear induced alignment to the 
stereolithography is that technology does not have the means to generate a flow and walls 
to align the fibers in the liquid resin. Literature review suggests that composite materials 
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can achieve desired material properties by aligning short fibers during other additive 
manufacturing methods, such as fuse deposition modeling, inkjet printing, and selective 
laser sintering. The material properties of these 3d printed composites, such as tensile 
strength and flexural strength have been described in this dissertation.  
The most significant obstacle for acoustic patterning of embedded 3D conductive 
lines during stereolithography was the determination of the frequency and amplitude of 
the signal used to generate acoustic standing waves. While standing wave requires 
specific frequencies based on the cavity dimensions, amplitude of the signal needs be 
high enough to hold the pattern and low enough to prevent drag by acoustic streaming. 
Examples from literature show the feasibility of the acoustic alignment for embedded 
conductive patterns. 
To use shear alignment during stereolithography, ceramic and polymer resin 
suspensions were utilized. For polymer composite fabrication, alumina nanofibers were 
chosen as reinforcement, while silica ceramic resin suspension was reinforced with nickel 
coated carbon fiber and ceramic fibers, such as silica and alumina fibers.  
Alumina and polymer resin are dissimilar materials and they required surface 
modification to develop a strong interfacial bond during nanofiber reinforced polymer 
composite study. 3-(Trimethoxysilyl)propyl methacrylate was used as the surface 
coupling agent to develop this bond. Varying amount of alumina nanofiber, 1, 2, 3, 4, 5 
wt% fractions, were added into resin with and without surface treatment to demonstrate 
influence of the surface treatment. In ceramic composite study, the mixture of ceramic 
powders, fiber reinforcement and liquid photocurable resin was used. Ceramic powder 
for matrix material consisted of silica particles and ceramic binder mix, while nickel 
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coated carbon fiber, alumina and silica fiber were used as reinforcement with various 
weight fractions. Polymer resin was burned out with a sintering process; therefore it was 
not required to apply any surface treatment. 
Both ceramic slurry and nanofiber polymer mix, which display shear and strain 
thinning behavior, are suitable for the shear induced alignment applications. After the 
fabrication of the composite parts, they were characterized for their key material 
properties and fiber alignment. The results indicate that the shear alignment method can 
be deployed for stereolithography with different shear rates, filler contents, and materials. 
For acoustic alignment, low viscosity polymeric resin was utilized to reduce 
acoustic streaming which is not desired for acoustic patterning. Carbon nanofibers, 
copper, and magnetite nanoparticles were used as additive for resin suspension. 2.33 
MHz frequency was selected to achieve 300µm spacing between patterned lines. 
Patterned lines, where added particulates accumulated with higher concentration, were 
shown to be conductive with copper nanoparticles and carbon nanofibers. 
Different samples were fabricated for characterization of the material properties. 
A semicircular shaped green sample which was fabricated from ceramic slurry 
demonstrated the alignment of fibers in the direction of the wall. The sample showed that 
wall could align the fibers in different direction from the oscillation direction up to 45°. 
The sintering process caused 15-20% volumetric shrinkage of the samples; however, the 
shrinkage during the process does not appear to effect the fiber orientation. Additionally, 
fibers were aligned to the wall direction by oscillation in both ceramic and polymer 
composite samples, similarly. Both of them contained aligned and well dispersed fibers. 
The results show improvement of the material strength with alignment in the fiber 
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direction compared to randomly orientated and neat samples. The alignment of the fibers 
increased tensile strength in alumina reinforced polymer composites by 28% with 5wt% 
alumina reinforcement, while the flexural strength of the carbon fiber reinforced ceramic 
composite increased by 204.8% with 1wt% compared to random orientated samples. 
Several one layered and multiple layered samples were fabricated for 
demonstration of the acoustic alignment approach. One layered samples were used for 
conductivity analysis. Comparison between electrical resistivity of patterned and 
unpatterned samples showed the significant effect of the acoustic patterning. Acoustic 
patterning reduced electrical resistivity from values of 12-14 orders of magnitude to 
values of 1-4 orders of magnitude. Copper particle pattern which exhibits less electrical 
resistivity was ~1000 times more conductive than magnetite pattern. One layer patterns 
were also used for characterizing the influence of particle concentration on pattern 
dimensions. This data was important for conductivity on the z direction when layers were 
stacked on each other. By curing partial parts of the pattern and stacking them on each 
other complex 3d wire structures were fabricated embedded in the polymeric pieces. 
SEM and TEM images were used for characterization of the microstructures of 
the fabricated parts. In conductive patterns, SEM image in Fig. 5-9(d) shows high 
concentration of copper particles and contact between them. Even though the 
concentration of the copper resin suspension was 4 wt%, the pattern which is shown in 
Fig. 5-9(d) has high concentration, 60-65% by volume. The SEM image in Fig. 5-9(b) 
shows contact between patterns of two stacked layers. The contact is sufficient for 
electrical conductivity. The SEM images of ceramic composites in Fig. 3-6 displays 
microstructures of unreinforced, randomly orientated, aligned carbon fiber reinforcement, 
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and aligned ceramic reinforcement. The shear generated by oscillation aligned the fibers 
and they are well dispersed. TEM (Fig. 4-8) and SEM (Fig. 4-9) images of fiber 
reinforced polymer composite also demonstrate alignment and dispersion of the fibers.  
The fracture morphology of the carbon fiber reinforced ceramic composite is also 
demonstrated in Fig. 3-8. The fracture surface did not show any layering or delamination 
and consisted of both fiber pull-out and fiber failure. The fiber pull-out was more 
dominant which means interfacial bond can be improved to enhance the strength of the 
samples further. 
6.2 Future Work 
Two novel methods of fiber alignment and manipulation technologies for 
stereolithography were discussed during this dissertation. The first suggested method 
uses large amplitude oscillatory shear and wall pattern to align the fibers along the wall 
direction. The second method uses acoustic alignment for nanoparticle patterning. Both 
approaches provide fine control over the material properties with a wide range of material 
options and could start a new direction for functional part design and fabrication. 
Although the methods demonstrate good control over the alignment and patterning, they 
still have some disadvantages. Methods are constructed by the assembly of layers which 
have micron level thickness and production speed is very slow. Additionally all layers 
require special designing, planning, and careful assembly. The fabrication of components 
with tailored local material properties might allow the methods to be utilized for the 
production of biomedical products, dental implants, biomimetic structures, or electronic 
components.  
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Some possible future works that can be done to extend the work of this 
dissertation are listed below; 
1. Higher fiber content to further improve the material properties 
The shear induced alignment of reinforcing fibers presented in this dissertation 
enables the fabrication of the composite materials with improved mechanical properties 
as a result of unique control of microstructures. The study shows significant potential for 
the enhancement of desired mechanical properties. However, to achieve similar results 
with composite industry standards, the mechanical properties should be increased even 
further. Therefore, fiber concentration must be increased further while fiber alignment is 
still achieved with a high degree. Even though, the increase of the fiber concentration 
would enhance the desired properties of the fabricated piece, the viscosity of the resin 
will increase and obstruct the layer uniformity and renewal. Some possible solution 
methods from literature have been discussed in Section 1.7.1.5 and Section 1.7.2.5. The 
usage of wiper blade or casting mechanisms can be a viable solution to renew viscous 
resin as a flat and uniform layer. In this study, the weight percentage of ceramic particles 
was 60%, but the fiber content was limited to 1 wt% for carbon fiber, and 10wt% for 
ceramic fibers. A higher percentage of fiber in both ceramic and polymer matrix 
composites would be a worthy study to extend the research in the future. 
2. Consolidation and experiment of different materials for alternative 
functionality 
During the studies of shear induced alignment, silica particles and acrylate resin 
were used as matrix materials. However, there are other useful and functional materials 
that can be utilized and tested with the system, such as reinforced dental implants, 
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piezoelectric materials, alumina, zirconia, and barium titanate. Similarly, fiber 
reinforcement materials can be diversified for different functionality. For example, nickel 
or nickel coated fibers can be utilized for conductivity or EMI/RFI shielding.  
3. Investigation of different fiber microstructures 
As it was mention before, addition of fiber reinforcement into the photocurable 
resin can be utilized to achieve desired functionality and tailored material properties. By 
organizing and designing the orientation of those fibers, special structures can be 
fabricated with complex geometries to achieve unique functions and material properties. 
Investigation of the relation between material properties and complex structure might be 
an interesting topic to expand the application of the methods. For example, Bouligand 
structure is a naturally found in many stomatopods and provides increased impact 
resistance [255]. Replication of that structure might provide desired impact resistance for 
many composite applications. 
4. Optimization of wall and layer design  
The most time consuming parts of these two methods are the alignment and 
microstructuring processes. Additionally, the arbitrary nature of acoustic alignment 
makes uniform pattern thickness hard to achieve. Inconsistencies in particle concentration 
sometimes cause conductivity issues between layers. On the other hand, wall pattern of 
the alignment process requires significant effort and time during design process. Any 
mistakes in wall pattern design would result with unintended orientation structure. 
Therefore, model development and optimization for wall pattern and acoustic pattern 
design are significant future works which need to be done for efficient usage of the 
methods.   
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